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ABSTRACT 
The utilization of asphalt rejuvenator, and its effectiveness for restoring thermal and mechanical 
properties was investigated via Disk-shaped Compact Tension (DC(T)) testing and acoustic 
emission (AE) testing for determining the embrittlement temperature of the mixtures. During the 
DC(T) testing the fracture energies and peak loads were used to measure the resistance of the 
rejuvenated asphalt to low temperature cracking. The AE testing monitored the emissions 
generated while the specimens were cooled from room temperature to -40°C to estimate the 
temperature at which thermal cracking began (i.e. the embrittlement temperature). The purpose of 
this research was to determine if the rejuvenator restored the low temperature performance of 
highly oxidized hot mixed asphalt (HMA). 
The study was divided into three parts. Part 1 set a baseline for comparison of the low temperature 
performance by using DC(T) testing and AE testing on virgin HMA samples and HMA samples 
that had been aged and oxidized for 36 hours at 135°C. The results showed the virgin samples had 
much higher peak loads and fracture energies than the 36 hours aged samples. Acoustic Emission 
showed similar results with the virgin samples having embrittlement temperatures 10°C cooler 
than the 36 hours aged specimens. Part 2 of the study evaluated the effect of varying amounts of 
rejuvenator (10%, 15%, and 20% by weight of binder content) on HMA mixtures when left for 
different dwell times. The dwell times were varied from 1 week to 8 weeks. The testing was done 
at 0°C instead of the standard -12°C as the standard was too close to the original 36 hours aged 
embrittlement temperature, and could have caused variance in the results. It was found that the 
rejuvenator lowered peak loads, and kept the fracture energies near the same level from the DC(T) 
testing. The AE results showed an improvement of embrittlement temperature, with increasing 
improvement with the dwell times. The 8 weeks specimens had cooler embrittlement temperatures 
than the virgin specimens. Part 3 of the study investigated lower temperature effects on fracture 
energy and peak load of the rejuvenated asphalt. Rejuvenator was applied (10% by weight of 
binder) to specimens aged 36 hours at 135°C, and the dwell time was varied from 1 to 4 weeks. 
The results from this testing showed the peak loads being restored to levels of the virgin specimens, 
and the fracture energies improved to a level beyond that of the virgin specimens. The results 
showed a general trend of improvement for the AE testing of the embrittlement temperature, but 
further testing at different rejuvenator levels and dwell times would be required to ensure the 
mechanical results. 
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CHAPTER 1: INTRODUCTION  
In the transportation sector of the United States infrastructure, asphalt pavement has an integral 
role in providing routes for both professional and personal transportation. There are 2.4 million 
miles of roadway in the U.S. with an estimated 96% of them being paved with asphalt concrete 
[1]. Therefore, the maintenance and sustainability of these roadways is an issue of great importance, 
one that requires economical and environmentally friendly solutions. The use of recycled materials 
has become a popular solution to these issues. A number of different materials have been recycled 
and added to hot mix asphalts (HMA) from recycled asphalt pavements (RAP), recycled concrete, 
rubber from scrap tires, bottom ash, polypropylene containers, recycled asphalt shingles (RAS), 
and glass [2-4]. As the increased desire to use recycled materials and restore existing pavements 
continues, the stiffness and performance of the roadways becomes an issue. 
 
A line of products offering a possible solution became available in the 1970s in the form of asphalt 
rejuvenators [5]. The products are proposed to restore old pavements to have characteristics of 
freshly laid pavement. Taking old, stiff cracked roads and making them softer, while healing the 
existing cracks. The different types of rejuvenator have ranged from virgin asphalt binder itself to 
processed pig manure [6-8].  A number of studies have been done on asphalt rejuvenator to 
determine its effectiveness, most revolving around visual inspection or common destructive testing 
techniques. Non-Destructive testing/evaluation (NDT or NDE) techniques have not been utilized 
despite their ability to test subjects without affecting the structural integrity. The techniques are 
also normally extended into a portable device, allowing field testing to be done. This would remove 
the need for taking cores from existing pavements, and save potential damage to the roadway. 
Thus, this study makes use of a NDT technique based on acoustic emission (AE) testing. The AE 
based technique for estimating the low-temperature embrittlement properties of asphalt binders 
and HMA and RAP mixtures was developed in the Non-Destructive Testing and Evaluation 
Laboratory at the University of Illinois at Urbana-Champaign. This technique was developed 
during a project funded by the National Cooperative Highway Research Program-Ideas Deserving 
Exploratory Analysis (NCHRP-IDEA) Program [9-12]. The method could potentially replace the 
AASHTO-TP1 and AASHTO-MP1A methods because it has the advantage of portable 
instrumentation and rapid field testing. In this study, the technique is extended for use on asphalt 
mixtures that have been aged, rejuvenator applied, and then allowed different dwell periods. The 
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information gathered from recording the energy patterns created by AE events generated by 
internals stresses induced by thermal cooling, the low-temperature embrittlement temperature can 
be estimated (see chapters 3 and 4 for more information on the AE method utilized). The low 
temperature performance is a concern with rejuvenated asphalts, as they start as aged asphalts 
known to be more brittle and stiff from prior research. Thus in order to appropriately characterize 
the rejuvenators’ restorative properties, the low-temperature performance is a useful tool in 
determining its effectiveness. 
 
1.1.  MOTIVATION FOR THE APPLICATION OF REJUVENATOR TO HMA 
PAVEMENTS 
A report from the United States Department of Transportation in 1993 claimed that 91 million 
metric tons of asphalt pavement are scraped and removed from roadways each year, and 73 million 
metric tons of that are reused [13]. Then, in 2013 the Illinois Department of Transportation 
reported that in Illinois alone, 1,713, 296 tons of asphalt material were recycled and reused. This 
reused material saved IDOT $58,415,692, which shows that reusing the material has great 
economic benefits [14]. This increased use of recycled material also helps reduce the rate at which 
virgin material is produced and used. Thus, it provides an environmental benefit as less waste is 
generated and less binder has to be produced and consumed with the recycling of the asphalt 
materials. 
 
However, it is known in industry that the use of recycled materials leaves an HMA mixture stiffer 
due to the oxidized nature of the recycled material from previous studies [15]. These characteristics 
could lead to a potential problem with the high usage of recycled asphalt pavement (RAP), as 
roadways made of this material would be more likely to experience damage from mechanical and 
thermal stresses. The increased content of oxidized and aged material could potentially lower the 
working lifetime of the material. Therefore it is important to find a method to maintain and/or 
restore the existing and recycled pavements. 
 
A potential solution has been around since the 1970s in the form of asphalt rejuvenators [5]. The 
term covers a wide range of products from seals to binder additives, designed to restore the 
stiffness and oxidation levels of binder closer to the levels of virgin binder. Thus, the introduction 
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of widespread use of asphalt rejuvenator could potentially decrease production and recycling costs 
further. Also, it would provide an environmental benefit if it can be proven to maintain existing 
roadways. If the rejuvenator is proven to be effective when applied in the field, the resurfacing and 
repaving of the roadways could be done at longer intervals of time. 
 
1.2 OBJECTIVE OF CURRENT STUDY 
The objective of this study is to determine the restorative effect of rejuvenator on aged asphalt 
specimens in terms of mechanical and thermal properties. Several past studies have shown that as 
asphalt ages, the embrittlement temperature rises (i.e. becomes warmer) and the mechanical 
strength of asphalt decreases. This is in part due to oxidation in the asphalt increasing the stiffness 
of the material, thus decreasing the thermal and mechanical performance. Several studies on 
asphalt rejuvenators have shown some types of rejuvenator have a restorative effect on aged 
asphalt, reducing the stiffness of the oxidized binder. However, the majority of these tests have 
been done only to prove mechanical properties such as rutting, raveling, and IDT strength [16, 17]. 
This study will work to expand upon the past work by testing the effects of rejuvenator on 
mechanical properties, via DC(T) testing to determine fracture energy and peak loads. Then 
connecting the mechanical results with the thermal characteristics of asphalt binder in terms of 
low-temperature cracking performance. Through use of non-destructive testing (NDT) techniques, 
specifically acoustic emission (AE) techniques, the embrittlement temperatures of rejuvenated 
asphalt will be compared with their mechanical properties to determine if there is any correlation. 
The results will allow a quantitative evaluation of the rejuvenator’s performance to be reported in 
terms of mechanical and thermal properties to add to existing testing methods for rejuvenators.  
 
1.3.  DESCRIPTION OF EXPERIMENTATION 
The study will be split into three sections during experimentation. The first portion will be used to 
give a baseline of thermal and mechanical properties. DC(T) samples will be prepared from virgin 
and 36 hours oven-aged asphalt, and tested at 0°C. AE testing will then be run to determine the 
embrittlement temperature for each group. The second portion of the test will prepare 36 hour oven 
aged specimens, separated into groups for different amounts of rejuvenator applied. The 
rejuvenator to be tested will be Reclamite®, a three levels of rejuvenator will be applied to the 
specimen (10%,15%, and 20%) by weight of the binder in the DC(T) sample. These samples will 
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then be left for varying dwell times, starting at 1 week, and testing new sets weekly up until 8 
weeks. These will be tested at 0°C as well for peak loads and fracture energies, and then AE tested 
for embrittlement temperature. Finally, a set of specimens aged 36 hours at 135°C, with 10% 
rejuvenator applied will be prepared to have dwell periods from 1 to 4 weeks. These will be DC(T) 
tested at -20°C to determine how temperature affects the mechanical properties of the rejuvenated 
samples. 
 
1.4.  REPORT OVERVIEW 
Chapters 2 and 3 provide a review of literature that is relevant to the study. Chapter 2 gives a 
review of studies on the use of rejuvenator to recycle and maintain bituminous paving materials. 
Chapter 3 gives an introduction to the basics of the Acoustic Emission technique as well as a 
review of several studies on its use in asphalt pavement and asphalt binder studies. Then Chapter 
4 goes into the experimental procedures of the study, with a description of sample preparation and 
the testing protocols for DC(T) testing and the AE technique. After this, Chapter 5 reports and 
discusses the experimental results with a subsection for each part of the study. Chapter 6 then 
summarizes the results and discussion along with some concluding remarks. The appendices give 
more detailed explanations on several features: the rejuvenator masses applied to each specimen 
based on its mass, the peak loads and fracture energies for the DC(T) testing, the plots of the DC(T) 
results, the AE test results, and images of the cross sections for the rejuvenated specimens. 
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CHAPTER 2:  
LITERATURE REVIEW OF THE USE OF ASPHALT REJUVENATORS 
The aging of asphalt pavement is a major issue when determining if a road is in working condition, 
needs repairs, or needs complete repaving. The main mechanism behind the aging of asphalt is 
Oxidation, the change of the ratio between asphaltenes and maltenes in the pavement. Asphaltenes 
function as the bodying agents and are identified by their insolubility in pentane. Maltenes are 
composed of the left over material once the asphaltene precipitates in the binder [5, 18, 19]. 
Maltenes are classified by different types: polar compounds/nitrogen bases (peptizers for the 
asphaltenes), acidiffins (solvent for the peptized asphaltenes), and paraffins (saturated 
hyrdrocarbons that act as a gelling agent)[5]. The ratio of asphaltenes to maltenes directly 
influences the rheology of the bitumen. When oxidation occurs in the asphalt, the polar compounds 
and acidiffins are converted into asphaltenes which increases the ratio of asphaltenes to maltenees. 
This results in a stiffer and more brittle asphalt binder. The rate of oxidation and increasing of this 
ratio accelerate if the binder is exposed to high temperatures and/or high amounts of ultraviolet 
light. The amount of asphalt oxidized is directly related to the surface area exposed to the air, thus, 
stockpiling RAP may cause higher amounts of oxidation [20]. To combat the issue of oxidation, 
products have been produced to counteract the effects of oxidation. The name of the products is 
dependent on when they are used in the asphalt life cycle. For example, preventative and corrective 
maintenance products are known as “service life extenders”, or “softening agents,” while recycling 
products are known as “rejuvenator seals” or “recycling agents/additives”[21]. For simplicity and 
consistency, they will normally be referred to as a rejuvenator. 
 
A rejuvenator is a product that aims to restore the physical and chemical properties of aged bitumen 
closer to those of virgin bitumen. They are designed to soften the aged asphalt via restoring the 
original asphaltene to maltene ratio discussed above, and thus lessen oxidation [5, 17, 22]. Several 
examples of rejuvenator are: waste vegetable or frying oils, waste motor oils, lube extracts, 
emulsions, bio-binders, refine tallow, and soft virgin binders [20-21,23]. Rejuvenators are 
commonly applied to the surface of an existing pavement, thus it must have the ability to penetrate 
the surface of the asphalt and diffuse its way through to reach all of the aged asphalt and restore it. 
Rejuvenators that do not have this ability will not affect the aged asphalt, and the accumulated 
rejuvenator on the surface reduces skid resistance [22, 24]. In order to avoid this accumulation of 
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slick, overcoated surfaces, it has become common practice to apply the rejuvenators in several thin 
coats [5]. As the rejuvenator diffuses into the asphalt pavement, it first creates a low-viscosity 
layer around the aged binder covering the aggregate. Then it begins to diffuse into the aged binder, 
slowly softening and restoring the asphaltene/maltene ratio. Once all of the rejuvenator penetrates 
the aged binder, the inner layer becomes less viscous and the outer layer more viscous to create a 
state of equilibrium in the asphalt mixture [20, 25]. Oliver discovered, in 1974, that higher 
temperatures and diluent additives can increase the rejuvenator’s rate of diffusion [26]. Thus, the 
environment and climate during which the rejuvenator is applied has to be considered, especially 
the application rate. After the rejuvenator has been allowed to dwell in the asphalt mixture, the 
performance of the rejuvenator can be rated. 
 
In practice rejuvenators are commonly used alongside hot in-place recycling (HIPR) techniques. 
These techniques are designed to alleviate surface distresses in the top layers of pavements in order 
to reduce the need to bring in new replacement materials. This process takes the surface layer of a 
HMA pavement in the field, heats, scarifies, and then mixes with rejuvenator and/or virgin binders. 
The mixture is then reapplied to the pavement from which it was taken. The rejuvenator is added 
in order to soften the oxidized asphalt and serve as a preventative from future cracks. The 
MARTEC Recycling Corporation’s forced hot air heating system is specifically designed for this 
process. The system was first used in the U.S> in Mississippi for an interstate highway project that 
lasted from December 1997 to July 1998 [27]. A more detailed overview of the HPIR can be found 
by referring to Shoeberger et al. and Button et al. [28-29]. There is still research being pursued to 
find a quantitative measure of the effects of rejuvenator. Examples of several studies focused on 
rejuvenators and their effectiveness are given below. 
 
The Air Force Weapons Laboratory researched the effectiveness of five different rejuvenators 
during a study in 1970 [30]. Rostler and white used asphalt briquettes as the test specimens, to 
which they applied the different rejuvenators. The specimens were then tested for permeability, 
depth of diffusion, viscosity, and pellet abrasion resistance. Results from the tests revealed at least 
two of the rejuvenating agents to be successful in lowering the binder viscosity and decreased the 
number of aggregates removed during abrasion testing. 
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The U.S. Army Corp of Engineers performed a similar study in 1976. Brown et al. investigated 
the performance of five rejuvenators, four being proprietary products and one an asphalt emulsion 
seal [24, 31]. The study used old runway pavement in three different climate zones as the test 
specimens. The different rejuvenators were applied to sections of the aged pavements, and core 
samples were extracted from each of the sections. Three of the proprietary rejuvenators showed 
the products had penetrated approximately 3/8 inches into the surface. The binder in this penetrated 
section was extracted and used to perform viscosity and penetration tests. The three rejuvenators 
that penetrated into the asphalt softened the binder. The other two products caused the binder to 
stiffen instead of soften. Brown et al. concluded that using viscosity as a measure of a rejuvenator’s 
effectiveness was better than using penetration. The study also observed the rejuvenators’ effect 
on skid resistance, which was initially reduced, returned to the control value after a year dwell 
time. The final test run in the study was a visual inspection of the rejuvenated asphalt to determine 
the amount of cracking in the test sections. The inspection revealed the three rejuvenators that 
penetrated and softened the binder resulted in a reduction in the amount of cracking. 
 
The Arizona Transportation Research Center published a study on the performance of a 
rejuvenating product called Bituminous Pavement Rejuvenator (BPR), in 1986 [32]. The research 
center had previous data from BPR testing that revealed its ability to cause crack healing and 
surface healing in aged asphalt. This study focused on the viscosity of the binder extracted from 
the two test asphalt surfaces. Unfortunately, the results were inconclusive from the viscosity tests 
of the extracted rejuvenated binder. A visual inspection was conducted after a year dwell time as 
well, with little difference noted between the rejuvenated asphalt surface and the surface without 
rejuvenator. This is an example of a study that demonstrates the variability among rejuvenators, 
where some do not perform as well as expected.  
 
In 2006, Shen et al. [17] studied the effects rejuvenator had on the performance-based properties 
of asphalt binder and asphalt mixtures containing rejuvenated binder. The study used DSR and 
BBR testing of binder modified with 0%, 6%, 9% and 14% rejuvenator by weight of the binder. 
The results from these tests were used to create blending charts to determine an optimum 
rejuvenator content. For the binder, the optimum range was determined to be between 2% and 7.4% 
rejuvenator. The DSR testing displayed a negative effect of rejuvenator content on the rutting 
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resistance parameter (G*/sinδ) and the fatigue parameter (G*sinδ). Both of the parameters 
decreased linearly as the rejuvenator content was increased. The BBR results displayed an increase 
in the binder’s m-value, and a decrease in the binders’ stiffness as the amount of rejuvenator was 
increased. Both sets of test results show a successful softening effect from the rejuvenator acting 
on the asphalt. The mixture testing consisted of mixes containing binder with 0%, 2% and 7.4% 
rejuvenator by weight of aged binder. The wheel tracking test was used on the specimens to 
determine the dyanamic stability (the number of wheel passes required to cause a rut measuring 1 
mm in depth). The results revealed the dynamic stability decreased with an increase in the 
rejuvenator content. A large drop in the dynamic stability can lead to a reduction in high 
temperature performance, however the results indicated the mixtures with high levels of 
rejuvenator still passed the criteria for normal graded asphalt, i.e. 1000 passes/mm. The highest 
rejuvenator levels passed with a dynamic stability of 1310 passes/mm, and was just under that of 
the virgin test specimen. The specimens were also tested for fatigue properties using the TSRST. 
The results revealed the fracture energy decreased and the fracture strength increased as the 
rejuvenator content was increased. These results suggest the rejuvenated mixtures have improved 
relaxation ability over the aged specimens, which also agrees with the BBR results. This study 
indicated positive results for the rejuvenator’s effects on the properties of aged asphalt specimens. 
 
In 2007 Shen et al. extended their previous work on the effects of asphalt rejuvenators to see how 
it effected RAP mixtures [33]. The rejuvenated mixtures were revealed to perform as well as RAP 
mixtures blended with softer virgin base binders in terms of mechanical properties and rutting 
performance. Shen et al. performed IDT tests on the mixtures containing rejuvenators and 
determined they had strengths comparable to mixtures containing softer virgin binder. The study 
also concluded that the addition of rejuvenators allows for a higher RAP content in Superpave 
mixtures than those containing just a softer virgin binder blend. 
 
In 2010 García et al. suggested a new way to apply rejuvenators to asphalt pavement [22]. The 
effectiveness of rejuvenator has been proven to depend on its ability to penetrate into the asphalt 
surface and affect as much of the oxidized asphalt as possible. The application to the top surface 
of the pavement causes some initial loss of skid resistance and can potentially be harmful to the 
environment. Thus, García et al. proposed filling capsules with a rejuvenating agent and 
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incorporating them into the mixture. The capsules would be designed to release the rejuvenator 
when the stresses in the asphalt reached a predetermined stress level. This method would remove 
the skid resistance problem, prevent environmental harm, and save costs on the application labor. 
 
A study of rejuvenator seal materials was performed by Lin et al. in 2012 [16]. Three different 
rejuvenator products were added to HMA mixtures containing virgin PG70-22 binder. The virgin 
binder was first aged via the rolling thin fil oven (RTFO) technique, and then one of the 
rejuvenators was mixed with it so that 5% by weight of the total mixture was rejuvenator.  The 
rejuvenated binder was run through DSR and static creep testing. HMA mixture specimens were 
prepared with rejuvenated binder and following a mix design from the Marshall method. These 
specimen were tested using the wheel tracking test, the IDT strength test, the raveling test, and the 
skidding test. The tests on the rejuvenated binder revealed the complex modulus was decreased 
and the phase angle increased by all three rejuvenators, in comparison to the aged binder. The 
rutting tests showed an increase in rut depth, which agreed with the reduction in stiffness presented 
by the binder tests. The IDT tests displayed a reduction in strength with the addition of rejuvenator. 
An increase in creep strain was also noticed with the rejuvenated samples. The raveling resistance 
was improved by the rejuvenator, however the skidding resistance was hindered by it. 
 
The effects of rejuvenator on aged asphalt binder was investigated at the microscopic level by 
Nahar et al. in 2014 [21]. The study looked at two types of rejuvenators, one an emulsion type and 
the other a liquid type. Specimens were made by aging virgin binder (penetration grade 70/100) 
with a rotation cylinder aging tester (RCAT) and then mixing the aged binder with one of the 
rejuvenator. Three separate batches of rejuvenated asphalt binder were prepared: on with aged 
binder and 20.% of the emulsion rejuvenator based on residual mass after water evaporation, one 
with aged binder and 10% of the liquid type rejuvenator, and the final with aged binder and 25% 
of the liquid type rejuvenator. After DSR testing the results displayed the master curve of the 
rejuvenated binders between the master curves of the aged binder and the applied rejuvenator. This 
implies the stiffness of the aged binder was reduced by both rejuvenators, indicating the 
rejuvenators both have a restorative capability. The higher content of liquid rejuvenator (25%) 
reduced the stiffness of the aged binder even further than the lower rejuvenator contents. The virgin, 
aged, and rejuvenated asphalt binders were investigated using atomic force microscopy to 
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determine their microstructures. While the master curves showed a reduced stiffness in the aged 
binder from both rejuvenators, the softening process at the microscopic level was different for the 
two rejuvenators. The aged binder showed a more prominent matrix phase, small features in the 
elliptical phase (called “debris”), and a tertiary phase were observed (the tertiary phase was a small 
fraction of the microstructure and may have been a product of the oxidation process, thus having 
no affinity to the other phases). The phase boundaries in the aged binder were much rougher in 
than those in the virgin binder. The emulsion type rejuvenator caused the microstructure to appear 
closely to that of the virgin binder, with the exception of the tertiary phase which was still present, 
as well as a small fraction of tiny features making up a fourth phase. Addition of the liquid type 
rejuvenator caused a completely different change in the microstructure. The elliptical phase was 
restored, and thin, needle-like filaments were seen in the interface between the elliptical and the 
matrix phases. The second sample of liquid rejuvenator, with 25%, the filaments in the interface 
between elliptical and the matrix phases became thicker. The study concluded that there was a 
correlation between the change in the rheological properties of the binder from aging and 
rejuvenation that are associated with the microstructural changes. However, the study also revealed 
that while the rejuvenators both effect the stiffness of the aged binder, the softening mechanisms 
at the microscopic scale can be very different for the different types of rejuvenator. 
 
In 2014, Oldham et al. investigated the use of bio-binder as a rejuvenating agent with RAS 
mixtures [23]. The bio-binder is created by converting swine manure via a thermo-chemical 
reaction. The specimens containing RAS and bio-binder were created using wet processing [34]. 
For the specimens, different percentages of RAS, from 5% to 40%, were blended with a virgin 
PG64-22 binder at 180°C using a shear mixer set to 450 rpm for an hour. The RAS material used 
in the mixture had an average particle size of 85.5 μm. The RAS-modified binder was then remixed 
at 750 rpm for 5 minutes to ensure homogeneity. Then 10% bio-binder was added and mixed at 
750 rpm for 30 minutes at 135°C. The binder samples were then tested using the Rotational 
Viscometer (RV) and the Direct Tension Tester (DTT).  The results revealed an increased stiffness 
to the binder due to the RAS additive in the modified binder. The bio-binder reduced the viscosity, 
showing the recycled product was rejuvenating to the mixture. For samples with 5% and 10% RAS, 
the bio-binder reduced the viscosity below that of the control specimens without any RAS.  Results 
from the DTT showed the fracture energy, failure strain, and ductility all decrease as the RAS 
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percentage is increased. However, the bio-binder improved these parameters when added, 
indicating it helps offset the stiffening effect of the RAS. The results showed that bio-binder is a 
promising material for use as a rejuvenator in asphalt. 
 
The effectiveness of rejuvenators is seen to be a controversial topic from the studies above. The 
high number of rejuvenating products available in industry makes the desire for a standard for 
measuring their effectiveness understandable. The research referenced shows that some of the 
products soften the oxidized asphalt, while some actually cause it to become stiffer. Whether the 
products work or not, the intended purpose of increasing the longevity of existing pavement in the 
field, as well as their potential use with recycled materials makes them desirable. The next chapter 
of this report explains the acoustic emission technique, a non-destructive testing (NDT) method 
that is used in this study to determine the effect of rejuvenator on the low-temperature performance 
of aged HMA mixtures. 
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CHAPTER 3:  
REVIEW OF THE ACOUSTIC EMISSION TECHNIQUE 
Nondestructive Testing(NDT) methods have been implemented to test infrastructure materials for 
failure and damage for a number of years. Acoustic Emission (AE) testing is nontraditional in 
terms of NDT testing due to its passive nature. Other common NDT test methods such as impact-
echo and ground penetrating radar (GPR) use an external source of energy to investigate the 
specimen. AE testing uses sensors placed on the specimen to detect ultrasonic elastic waves 
propagating through the material as a response to a distress. Sources of these distresses can be 
crack propagation, rearrangement of the crystal lattice structure, and delamination between 
material layers. The AE method detects the failures as they occur, making it ideal for monitoring 
infrastructure materials such as concrete and asphalt pavement. 
 
3.1. THE BASIC PRINCIPLES OF ACOUSTIC EMISSION TESTING 
When a material is subjected to a stress or strain, the response can occur as a local deformation 
that generates an ultrasonic mechanical elastic wave that propagates through the specimen [35]. 
The generated wave can be one of several different types/classifications in the material [36]. The 
elastic waves that travel through the medium are designated Bulk waves and are categorized as 
either longitudinal or shear waves. Longitudinal waves travel parallel to the direction of wave 
propagation, and are sometimes referred to as primary or compressional waves. These waves have 
the fastest velocity and are thus the typical waves used for AE testing. Shear waves travel 
perpendicular to the direction of wave propagation, and are sometimes referred to as transverse or 
secondary waves. The velocity of shear waves is roughly half that of their longitudinal counter 
parts. Acoustic waves can also form and travel at the surface of a medium. For example, Rayleigh 
waves are surface waves that travel along the surface. Surface waves propagate more slowly than 
bulk waves in solid media. If the specimen has a plate-like geometry lamb waves can be generated, 
which are also known as plate waves. All of these waves are detectable by AE sensors and can be 
used to obtain failure information. The technique can be likened to listening for cracking when 
walking across thin ice and old or damaged wood planks [36-37]. Figure 3.1 below shows the basic 
set up and detection method used in AE testing. 
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Figure 3. 1. Illustration of an AE sensor detecting mechanical waves that propagate from a source of strain 
energy through a medium 
 
Acoustic emission testing uses sensors, typically piezoelectric transducers, to utilize this wave 
phenomenon. The piezoelectric transducers convert the mechanical energy of the wave produced 
by the damage, and convert it into an electrical signal that the data recorder can use. The waves 
propagating the strain energy can be continuous or burst signals. A continuous signal is relatively 
constant in amplitude and is characteristic of two interfaces rubbing against one another, and the 
friction generating the strain energy. The plastic deformation of metals also releases a continuous 
signal. Burst signals are short bursts of strain energy with a peak that fade after release, typical of 
a crack forming or propagating. AE testing detects burst signals in asphalt concrete, as crack 
formation and propagation occurs as it is cooled to low temperatures. Figure 3.2 below gives an 
example of a continuous signal and a burst signal. The signals detected can occur over a wide 
range of ultrasonic frequencies. In most labs with modern equipment today, the equipment is 
capable of detecting a wide band of frequencies making the method viable over a large range of 
frequencies [38]. 
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Figure 3. 2. Sketches of (a) a continuous signal and (b) a burst signal [39] 
 
After signals are obtained the data is processed to determine different features of the material via 
signal properties. The information comes from several distinct features that are defining 
parameters for each signal. These features are peak amplitude, arrival time, signal duration and 
rise time. A signal’s amplitude is determined by the mechanical wave that passes through the 
medium and vibrates the crystal, usually made of quartz, barium titanate, or lead zirconate titanate, 
within the transducer. The amplitude of the signal corresponds directly to the distance the crystal 
vibrates against the piezoelectric material in the transducer, thus the maximum amplitude of the 
signal is directly related to the maximum amplitude of the mechanical wave [40]. The amplitude 
is measured in volts. The amplitude also directly relates to the energy of the AE event, i.e. the area 
under the squared amplitude vs time curve. This energy gives an indication to the level of damage, 
the higher energy value the larger the damage occurrence to release the energy [35]. The arrival 
time is the point at which the signal first reaches a specified threshold. This threshold is defined in 
order to filter out noise, and function as a trigger level. The signal duration is the amount of time 
the signal is above this trigger level. The rise time is the time it takes the signal to reach peak 
amplitude after the arrival time. Rise time can be correlated to the type of damage mechanism [38]. 
Figure 3.3 shows a representative of an AE signal with each of the parameters labeled. 
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Figure 3. 3. Several common wave features of an AE signal [41] 
 
An extension of the AE technique is source localization of the acoustic events. This method uses 
arrival times discussed above, to triangulate the location of the waves source using its velocity and 
arrival time to give a distance traveled. Multiple sensors are used, with a minimum of three 
required, to generate a mapping of the wave paths and find the location of the source. The method 
has been extended to 1-D, 2-D, and 3-D localization [35, 38]. In 1-D (zonal) source localization a 
region of possible AE source location is found, instead of its exact location. In 2-D sensors are 
attached to a large surface, usually plate like structures to monitor for damage. The arrival time 
can be used to give a general location of damage in the structure, such as the supporting beams of 
a bridge. The 3-D localization makes uses the AE signal data to give a more exact region, with a 
margin of error depending on the equipment and material, in which the AE source is located. The 
source location method depends on the sensor location in relation to one another. Spacing must be 
such that the arrival times will be different, yet the signal will not attenuate before reaching the 
sensor. This method of triangulating a more exact location is beneficial for materials like asphalt, 
where the start and direction traveled of a crack are important information for determining if any 
part of the pavement needs to be cut out and replaced or sealed. This also has an economic benefit, 
allowing construction companies to decide when and where a pavement needs to be replaced or if 
a repair would suffice to fix the damage. 
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3.2. REVIEW OF THE USE OF AE TESTING ON ASPHALT MIXTURES AND 
BINDER 
 
Acoustic emission has been used extensively in well-studied and easily characterized materials, 
such as steel, aluminum and concrete. These allow for easier wave propagation and detection due 
to their isotropic and elastic nature. Such as the work done by several different groups to determine 
the strength and damage severity of reinforced concrete samples [38, 42-44]. The strength and 
structural health of concrete and steel bridges has also been monitored using AE [45, 46-49]. 
Another common use of AE monitoring has been in the detection of defects in pipelines, pressure 
vessels, and gears [50-54].  However, researchers have begun to branch the application of AE 
monitoring into other materials. Blocks of granite have been scanned for damaged surfaces using 
AE techniques [55]. The fracture behaviors due to tensile stresses in silicon carbide particle 
reinforced aluminum composites has been studied as well, along with the damage characteristics 
in glass-fiber-reinforced polypropylene [56-57]. The use of AE testing on viscoelastic, bituminous 
materials and mixtures has not been as extensively investigated. The following reviews examples 
of some of the research done thus far on asphalt binders and mixtures using Acoustic Emission 
techniques. 
 
In 2006, the crack propagation in hot mixed asphalt (HMA) mixtures was observed using AE 3-D 
source localization by Li et al. [58]. Material from the Minnesota Road Research Project Cell was 
prepared into Semi-circular bend (SCB) specimens. The specimens used a mix design with a target 
binder content of 5.8% (PG58-34 for this study), and a nominal aggregate size (NMAS) of 19 mm. 
The AE signals were monitored using seven AE sensors attached to the SCB specimen around the 
notch tip, arranged with four on one side and three on the opposite side. The AE waveforms 
displayed an amplitude near 0.3 mV, thus the signal was amplified by 40dB to aid in data 
processing.  The threshold voltage was set to a trigger value of 15 mV. In order to ensure the AE 
activity was only a result of the applied load and not thermally induced, the samples were 
conditioned to the test temperature (-20°C) for 4 hours. Once the samples were conditioned, the 
test was performed using a constant crack mouth opening displacement (CMOD) rate of 
0.0005mm/s, during which the AE sensors monitored for acoustic activity. During the test 139 AE 
events were detected with 44 being located with a small error of 3 mm, represented by an ellipsoid 
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around the event. This error is caused by uncertainties in the specimen such as the criteria for 
determining the elastic waves’ arrival times and variation in the wave velocity locally due to the 
difference in material characteristics between the aggregates and the binder. Li et al. then applied 
an algorithm designed to relocate the AE events to a point within an error ellipsoid with the greatest 
density of other AE events. This relocation created a narrow band of AE events that aligned with 
the observed path of crack propagation in the specimen. During the test, it was noticed that there 
were very few AE events at the beginning, but once the load reached 70% of the peak load the 
activity increased exponentially. This increase in the rate of AE events was due to microcracking 
from the stress concentration at the notch tip. The AE activity peaked during the formation of the 
macrocrack from the accumulation of microcracks, and then decreased once the load had dropped 
to below 90% of the maximum load. This phenomenon was attributed to boundary effects as the 
crack reached the end of the specimen and the distance from the crack tip to the AE sensors became 
too large, causing attenuation. The 3-D AE source localization was still relatively accurate without 
the data from the crack’s termination. This study showed the potential of the technique for studying 
crack growth and development in asphalt mixtures at low temperatures, such as that seen in DC(T) 
or IDT testing. 
 
Seo and Kim monitored damage from fatigue and the self-healing properties of asphalt concrete 
using Acoustic Emission techniques [59]. The asphalt mixtures used all followed a Superpave mix 
design with a 19mm NMAS and a virgin PG64-22 binder. Each mixture was subjected to four 
hours aging in an oven set to 135°C. The mixtures were compacted into gyratory specimens, from 
from which eight cylindrical specimens, measuring 75 mm in diameter and 150 mm in height, 
were cut. The specimens were tested with a uniaxial cyclic tensile loading, during which two AE 
sensors were coupled to the specimen to monitor for any acoustic emissions. The experiment made 
use of four different loading conditions to monitor the effect load variance, load rate, and rest 
periods had on the AE activity in the specimen. The first test started with a load of 1.33 kN that 
was increased at a rate of 0.3 kN per loading cycle. Test 2 used the same loading condition but 
added a rest period of 10 seconds between loading cycles. The third setup used the same conditions 
as test 2 but the rest period increased each time it was cycled. The fourth and final test setup applied 
a constant loading of 3.11 kN with the rest periods increasing by a factor of 2 until the sixth cycle, 
then decreasing in the same pattern for each cycle. The AE sensors were coupled to the specimen, 
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halfway up the height on opposite sides of the cylinder. An amplification of 20 to 60 dB was 
applied to the AE signals, and a trigger threshold of 45 dB was set. Seo and Kim found that as the 
rest periods were increased between loading cycles, the rate of acoustic emission energy 
accumulation decreased, and fatigue life increased. The acoustic emission energy was defined as 
the product of signal amplitude and signal duration. It was also noted that the longer the rest period 
a higher number of AE events were detected during the rest period than in the loading cycle. The 
study was thus able to show a relationship between the AE energy, fatigue damage, and healing in 
the asphalt. Test setup 4 showed a rapid increase in acoustic emissions when the higher load was 
applied due to premature cracking induced by the higher loading. However, the rate of acoustic 
emissions was shown to decrease with increased rest periods, which implied the damage was 
slowed in the rest periods due to the self-healing characteristic of asphalt. The test also observed 
that acoustic emissions with low amplitudes were more common than those with a high maximum 
amplitude via a frequency-amplitude analysis. From this Seo and Kim believe that the Kaiser effect 
does not hold for asphalt concrete. The Kaiser effect states that a material should not produce any 
acoustic emissions until the stress level it experiences is greater than the previous maximum stress 
it has experienced. During the cyclic loading without any rest periods, the AE sensors recorded 
activity at 80% to 90% of the previous time steps maximum loading. These emissions could be 
caused by friction in existing flaws, but it was unclear from the results. The study displayed the 
viability of using AE to monitor asphalt mixtures undergoing cyclical loadings. 
 
The previous tests focused on using AE techniques on asphalt mixtures, in 2009, Apeagyei, Buttlar, 
and Reis used Acoustic Emission to determine the low-temperature embrittlement point of asphalt 
binders [9]. Materials are known to have their own coefficients of thermal expansion, and thus 
expand or contract differently due to temperature variation. This phenomenon is the driving factor 
in the thermal cracking of asphalt. Several destructive techniques exist for estimating a binder’s 
embrittlement temperature (BBR, DTT, TSRST, and ABCD) but these tests have a high variance, 
are difficult and expensive to perform. Apeagyei et al. tested different asphalt binders to determine 
the feasibility of using AE testing as a quick, reliable, and relatively cheap alternative for finding 
the embrittlement temperature of asphalt. Three different grades of binder were used: PG 58-16, 
PG58-28, and PG64-22. Virgin samples of all three grades were made into samples, as were PAV-
aged samples of PG58-16 and PG58-28. The samples were beam-shaped and of similar geometry 
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to BBR and DTT specimens, the difference being they were bonded directly to the granite base of 
the mold instead of removed from it. The specimens were also prepared at various thicknesses. 
The specimens were cooled from 15°C to -50°C, with an AE sensor coupled to the granite substrate 
using high-vacuum grease. Once the specimen began to cool and contract, thermal stresses were 
induced in the asphalt binder. The differences in the coefficients of thermal expansion between the 
binder and the substrate results in transverse thermal cracking which release acoustic emissions 
detected by the AE sensors. A pre-amplification of 20dB was applied to the signal to reduce noise, 
and then another amplification of 21 dB was applied along with a 20 kHz high-pass double-pole 
filter. A threshold voltage of 0.1V was used as the trigger value. To further filter out noise a granite 
slab was cleaned and tested without any asphalt over the 15°C to -50°C ranged. The amplitude, 
frequency, and energy of the signals were recorded until the emissions stopped. A frequency 
threshold of 80 kHz and an energy threshold of 4 V2-µs were applied to the signal. The energy 
distribution of the acoustic emission events was analyzed and the embrittlement temperature was 
defined as the first AE event having an energy level above 1050 V2-µs. A trend was noticed 
between temperature and number of acoustic events; as the temperature decreased, the number of 
AE events increased for all of the specimens. 
 
The aged binders were noticed to have a peak in high energy events at warmer temperatures than 
the Virgin samples. The aged binders were also noticed to have fewer AE events than the virgin 
samples. This result was suspected from previous mechanical testing, as the aged samples usually 
exhibit a brittle and stiff nature in these tests. Thus in the thermal testing it was expected to react 
the same way to thermal stresses, and therefore have less energy to release in thermal cracking 
(and subsequently less AE events). The specimen’s thickness had an effect on the AE events as 
well, with the thicker samples releasing more AE energy. This is intuitive due to the thicker 
samples requiring a greater amount of energy to crack. Apeagyei et al used the definition of 
embrittlement temperature above to estimate the binder’s embrittlement temperature, and they 
agreed with the results from standard tests used previously. The aged and stiffer binders had a 
warmer embrittlement temperature than the virgin and softer binders. A number of tests were 
repeated for the same type of binder to test variance between results, and the AE method showed 
very little variation in embrittlement temperature results. This study revealed the ease, reliability, 
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repeatability, and low cost of this AE method in comparison with existing industry standardized 
testing. 
 
The work and AE techniques of Apeagyei et al. were extended by Behnia and Dave et al. in 2011. 
Their study used the previous methods for binders and extended its use to monitor the low 
temperature cracking of HMA mixtures containing RAP [11-12]. This study was performed 
closely to that done for the National Cooperative Highway Research Program-Ideas Deserving 
Exploratory Analysis (NCHRP-IDEA) Project 144. This project set up the basics for acoustic 
emission testing to determine the embrittlement temperatures of asphalt binders and mixtures [9]. 
The first portion of the testing was done on asphalt mixes using a mix design with a NMAS of 19 
mm, virgin PG64-22 or PG58-28 base binder with a target binder content of 5.9%, and RAP 
percentages from 0% to 50% by weight of the total mixture. The mixtures were compacted into 
gyratory specimens from which standard DC(T) and IDT samples were prepared. Standard DC(T) 
tests at -12°C and a constant CMOD rate of 1.0 mm/min were run on the RAP mixtures to monitor 
the fracture characteristics of the mixes. The mixtures containing 20% to 40% were subjected to 
IDT testing at 0°C, -10°C, and -20°C to determine creep compliance and low-temperature 
performance. Semi-circular specimens (150 mm in diameter and 50 mm in height) were chosen 
for the geometry to do AE testing on these mixtures as it allowed the halves of the IDT and DC(T) 
specimens to be used after those tests were run.  
 
The specimens were placed in a cooling chamber from room temperature to -50°C. The acoustic 
emissions in the testing of the mixtures comes from the difference in thermal expansion 
coefficients of the binder and the aggregate, causing a buildup of thermal stresses and eventually 
cracking. AE sensors were attached directly to the specimens’ surface using high-vacuum grease 
to monitor for AE events. Using the standards from the work done by Apeagyei et al., the AE 
signals were pre-amplified by 20 dB to eliminate noise, and then amplified again by 21 dB and 
filtered through a 20 kHz high-pass double pole filter. In order to reduce the noise further, all 
events below 100 V2-µs were taken out. The embrittlement temperature was defined for asphalt 
mixtures as the temperature at which the first peak energy AE event occurs. From the DC(T) results 
the fracture energy was shown to have different trends depending on the base binder. For the PG58-
22, increasing the RAP content caused the fracture energy to decrease, while the PG64-22 had 
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results where the fracture energy first increased (0 to 30% RAP) and then decreased as more RAP 
was added. These different results were determined to be due to the difference in the stiffness of 
the virgin base binder, which controls the different trends in fracture energy. The RAP tends to 
have properties more akin to those of PG64-22 than the PG58-22, as it is stiffer than the latter 
binder. This could be the reason the mixtures containing 0 to 30% RAP showed an initial increase 
in fracture energy until the RAP content was increased further. These results stress the importance 
of choosing the correct base binder for mixtures containing RAP. The AE testing revealed the 
virgin mixtures to have embrittlement temperatures close to their PG low-temperature grades, i.e. 
-28.6°C for the PG58-28 mixtures, and -19.2°C for the PG64-22 mixtures. The embrittlement 
temperatures of the RAP mixtures were warmer than those without RAP, which was expected due 
to the RAP being hard and oxidized compared to the rest of the mixture. This trend was seen in all 
of the mixtures with RAP but did not continue to cause warmer embrittlement temperatures with 
increasing RAP amounts. Behnia and Dave et al. attributed this to the RAP and the virgin materials 
blending partially together during the mixing and compacting process. Thus, the portions of the 
mixture containing higher levels of unblended RAP will be the first to experience damage and 
release acoustic waves which determine the embrittlement temperature. The AE method was 
proven to detect the start and accumulation of damage at a local scale, making it a good extension 
to any mechanical testing done to test the mixtures’ response to stresses. 
 
The AE testing methods were further used to determine the low-temperature fracture 
characteristics of warm mix asphalt (WMA) by Hill et al., in 2012 [60]. This study was supported 
by NCHRP-IDEA program, project 144 like the previous work by Behnia and Dave et al. [10]. 
The mixtures followed a design using a NMAS of 9.5mm, virgin PG64-22 or PG58-28 base binder 
with a 6.7% target binder content with four different WMA additives (Advera, Rediset LQ, 
Eveotherm M1, and Sasobit). An HMA mixture was also prepared as the control sample for the 
testing. The mixtures were compacted into gyratory specimens which were then cut into standard 
DC(T) and IDT geometries. Standard DC(T) tests at -12°C and a constant CMOD rate of 1.0 
mm/min were run on the WMA mixtures to monitor their fracture characteristics. The mixtures 
were subjected to IDT testing at 0°C, -12°C, and -24°C to determine low-temperature performance 
and cracking. Afterwards, the AE methodology used by Behnia et al. in the study of the RAP 
mixtures was used on the WMA mixes [12]. The DC(T) and IDT results determined the mixtures’ 
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fracture energies and creep compliances were sensitive to the type of WMA additive used. 
Acoustic emission testing revealed the embrittlement temperature was also sensitive to the 
different additives. The mixes containing Sasobit (an organic based additive) had the largest effect, 
increasing the embrittlement temperature by 1.8°C. This study was continues on WMA mixtures 
containing RAP in 2013 [61]. The mixtures in this extension were created using the specifications 
from Hill’s previous study, with the RAP percentages varying between 0%, 15%, and 45% by 
weight of the total mixture. The results from Acoustic Emission testing for the embrittlement 
temperature revealed the RAP content and the type of WMA additive used effect the temperature. 
As seen in the previous study, the embrittlement temperatures of the mixtures with RAP content 
were warmer than those without RAP content. The type of additive used effected the embrittlement 
temperature at each amount of RAP content as well. These studies displayed the reliability and 
usefulness of AE testing for determining the embrittlement temperature in a wide variety of 
modified and unmodified asphalt mixes. 
 
The next chapter explains the experimental procedures of this study. The DC(T) testing protocol 
for determining the low-temperature performance of asphalt mixtures is given. As well as the 
Acoustic Emission technique for determining the embrittlment temperature, which was used in 
several of the studies above, is used on HMA mixtures that are aged and/or have varying amounts 
of rejuvenator applied. 
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CHAPTER 4: EXPERIMENTAL PROCEDURES 
This study makes use of DC(T) testing and AE techniques to determine the low-temperature 
performance of the HMA mixture used. The effects of aging on these properties is investigated 
first, then the effects of rejuvenator on restoring these properties. The DC(T) testing is conducted 
on the HMA specimens to monitor the fracture resistance at low temperatures, and to understand 
how rejuvenator affects the materials resistance to fracture/crack propagation at the low 
temperatures. The AE technique is used to determine the embrittlement temepratures via detection 
of transient stress waves. As the specimens are cooled, the mismatch in thermal expansion 
coefficients between the aggregates and binder causes internal stresses that build up until cracking 
occurs releasing strain energy in the form of stress waves. This portion of the study looks at the 
mixture and aging process to create the HMA specimens, as well as the rejuvenation process for 
the rejuvenated iterations. The protocol for testing standards for both the DC(T) and the AE 
technique are explained as well.    
 
4.1  SPECIMEN PREPARATION 
 
4.1.1 Preparation of Asphalt Mixtures and Gyratory Compacted Samples  
Gyratory compacted asphalt specimens were created for this study, using standard mixture designs 
set by Superpave guidelines. The specimens had a target asphalt content of 5.9% by weight of the 
total mixture, with PG 64-22 as the chosen binder grade. A nominal aggregate size (NMAS) of 9.5 
mm was used for the mixture. Four different aggregate sizes were used to create the specimens:  
65.3% coarse aggregate (CM16),  23% manufactured sand(FM20), 10.5% natural sand(FM02), 
and 1.2% mineral filler(MF). These percentages were coupled with the desired specimen height to 
calculate the exact mass of each aggregate needed for the mixture. Table 4.1 below shows the mass 
of each aggregate size used. 
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Table 4. 1. Mix design of the HMA used in this study 
Aggregate Type 
(-) 
Blend Percentage 
(%) 
Mass 
(g) 
CM16 65.3 3064.74 
FM20 23 1079.46 
FM02 10.5 492.80 
Mineral Filler 1.2 56.32 
 
The asphalt specimens were batched by first measuring out the determined mass of each aggregate 
into a tin foil pan. These pans were placed in an oven set to 155°C for 2 hours, along with cans of 
PG 64-22 asphalt binder and the mixing equipment. After the 2 hour period the specimen were 
prepared in a standard mixing bucket at a temperature of 155°C. The mixtures designated for 
rejuvenator and aged testing were left in the oven for 36 hours at 135°C to achieve the desired 
levels of oxidation.  The mixtures were stirred every 12 hours to ensure more uniform aging 
throughout.  
A servo-controlled gyratory compactor, an IPC Servopac, was used to compact the asphalt 
mixtures into cylindrical specimens 150 mm in diameter and 120 mm tall. The sample mixtures 
were brought up to 155°C and left in the ovens for 2 hours for compaction. The mixes were poured 
into cylindrical molds and compacted at 600 kPa for 100 gyrations. Figure 4.1 below shows the 
compactor used to create the gyratory cylinders. 
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Figure 4. 1. Image of the IPC Servopac Compacter used to create the asphalt gyratory samples 
 
 
4.1.2 Preparation of DC(T) Samples 
The gyratory specimen measuring 150 mm in diameter and 120 mm in height were used to prepare 
the DC(T) samples. Each gyratory was cut into 2 disc shaped samples measuring 50 mm in height. 
These shorter discs were used to create the DC(T) samples according to standard measurements, 
as shown in Figure 4.2 below. 
 
 
Figure 4. 2 Disk-shaped Compact Tension(DC(T)) test specimen geometry and recommended dimensions in mm 
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 4.1.3 Application of Rejuvenator to DC(T) Samples 
In order to see the effects rejuvenator has on the mechanical performance of 36 hour aged specimen, 
rejuvenator was applied at varying amounts in relation to the weight of the binder in the specimen. 
The mix design used for the specimens contained 5.9% binder by mass of the specimen, each DC(T) 
was then massed using an electronic scale. This measured mass was multiplied by 5.9% to find the 
mass of the binder within the DC(T) sample. Then 3 percentages of this mass were taken, 10%, 
15%, and 20% respectively as the mass of the rejuvenator to be applied to the sample. Rejuvenator 
was applied to 3 specimen at each of the 3 rejuvenator percentages, making 9 samples for each 
dwell time period. Thus, over the 8 week period a total of 72 specimens were cut and had 
rejuvenator applied for this study. 
Once the mass of rejuvenator required for each sample was calculated, the DC(T) samples were 
placed in a pie pan measuring 22 cm in diameter. Half of the rejuvenator was applied to each flat 
circular face of the specimen. Figure 4.3 below shows a DC(T) sample with 10% rejuvenator by 
weight of binder applied, i.e. 5% of the weight of binder applied to the visible surface.  
 
 
Figure 4. 3 DC(T) sample with 10% rejuvenator by weight of binder applied, 5% applied to the visible surface 
 
The rejuvenator was then left on the specimen for the predetermined dwell time before testing. 
DC(T) tests were run on the specimen exactly when the number of weeks for each dwell time 
passed, in this case weekly dwell times were tested from 1 to 8 weeks. Before testing the flat 
circular faces were wiped clean, and then weighed to determine the amount of rejuvenator that 
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actually soaked into the specimen to act upon the aged binder. Table 4.2 below shows the mass 
information for the 9 samples that had a 2 week dwell period. 
 
Table 4. 2 Rejuvenator measurements for the batch of specimens left to dwell for 2 weeks 
Rejuvenator 
Percentage 
Sample 
Number 
Sample 
Weight 
(grams) 
Binder 
Weight 
(5.9%) 
(grams) 
Rejuvenator 
Weight 
(grams) 
Weight of 
Rejuvenator 
on each 
sample 
surface 
(grams) 
Sample 
Weight after 
2 week dwell 
period 
(grams) 
 
10% 
1 
2 
3 
1755.4 
1794.1 
1807.5 
103.6 
105.9 
106.6 
10.4 
10.6 
10.7 
5.20 
5.30 
5.35 
1764.86 
1803.72 
1816.67 
 
15% 
1 
2 
3 
1778.7 
1741.0 
1825.1 
104.9 
102.7 
107.7 
15.73 
16.16 
15.41 
7.92 
8.08 
7.71 
1793.28 
1757.09 
1839.97 
 
20% 
1 
2 
3 
1782.8 
1866.5 
1780.3 
105.2 
110.1 
105.0 
21.04 
22.02 
21.01 
10.52 
11.01 
10.53 
1803.65 
1887.89 
1800.69 
 
 
4.2   TESTING PROTOCOLS  
The following tests are the focus of this study: DC(T) tests on rejuvenated aged specimens and 
unrejuvenated aged specimens, and AE-based tests on the specimens after DC(T) tests. The first 
round of DC(T) testing was done at 0°C to see effects of rejuvenator on mechanical properties at 
low temperatures, but above the embrittlement temperature. The second round was done on 
samples with 10% rejuvenator at -20°C to see the effects of rejuvenator on mechanical properties 
at temperatures below the embrittlement temperature for specimens aged 36 hours. 
 
4.2.1 Disk-Shaped Compact Tension (DC(T)) Testing 
DC(T) tests were performed on all samples in accordance with ASTM D7313-13 [76]. Two DC(T) 
test samples were cut from each gyratory cylinder after removing the rough ends from compaction, 
28 
to avoid edge effects. Gauge points are then adhered to the flat surface on both sides of the notch 
to allow the crack mouth opening displacement (CMOD) gauge to read the displacement of the 
notch. The DC(T) specimen is loaded into the machine via a pin through each of the predrilled 
holes, and the CMOD gauge attached to the gauge points. A constant crack mouth opening 
displacement (CMOD) rate of 1.0 mm/min is applied to the specimen, and controlled by the 
CMOD gauge. The test is run until the applied load reaches 0.1 kN, or until the sample breaks. 
The DC(T) testing setup and DC(T) specimen geometry are shown in Figure 4.4.   
 
Figure 4. 4 Testing setup for DC(T) specimens; (a) displacement gauge, (b) gauge points, (c) contact points 
 
Previous tests to Virgin HMA samples containing PG 64-22 resulted in an embrittlement 
temperature of -25°C, and HMA samples containing PG 64-22 aged to 36 hours had an 
embrittlement temperature of -15°C. As a result, the tests were not performed at -12°C as 
recommended by the standards, (i.e., +10°C higher than the PG low-temperature grade of the 
asphalt binder). Instead, the testing temperature was chosen as 0oC to keep the DC(T) test samples 
above their embrittlement temperature, i.e., to prevent thermal cracks from the aging before 
rejuvenation. The Fracture Energy of each specimen was calculated via the area under the Load vs 
CMOD curve.  Fracture Energy was normalized by dividing the area under the Load-CMOD curve 
by the ligament length and width of the fracture area to obtain the fracture energy required to 
produce a unit fracture area. The fracture energy for the samples of varying rejuvenator 
percentages was calculated, as well as the maximum load achieved for each DC(T) sample. 
(c) 
(b) 
(a) 
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4.2.2 Acoustic Emission (AE) Testing of DC(T) Samples 
Once the DC(T) tests were completed the two halves of the specimens were used as individual 
specimens for Acoustic Emission testing. The embrittlement temperature of the specimens was 
estimated using the data collected by the Acoustic Emission sensors when the samples were placed 
in the cooling chamber and taken from 10°C to -40°C. The specimen were placed in the cooling 
chamber, on top of felt pads to eliminate external noise sources. For each specimen, 4 wideband 
AE sensors (Digital Wave, Model B1025) with a nominal frequency range of 50 kHz to 1.5 MHz 
were coupled directly to the top surface using high-vacuum grease. Prior to the testing the AE 
sensors were conditioned in the chamber for at least 24 hours to avoid any noise due to the 
difference in thermal coefficients of expansion in the materials comprising the AE sensors. A 20dB 
pre-amplification was applied using a broad-band pre-amplifier to reduce extraneous noise. A 
further amplification of 21 dB was applied to the signals (making a total amplification of 41 dB), 
and filtered using a 20 kHz high-pass double-pole filter. A threshold voltage of 0.1V was used, 
and the signals were digitized using a 16-bit analog-to-digital converter using a sampling 
frequency of 2 MHz. To further eliminate any noise, all AE events with an energy below 4 V2-μs 
were filtered out. 
 
The temperature of the sample was monitored and recorded during the AE tests using a K-type 
thermocouple. The thermocouple was attached directly to the surface of the asphalt specimen with 
high-vacuum grease. A small amount of the grease was piled around the thermocouple as well to 
insulate it from the ambient temperature and prevent any misreading of the samples temperature. 
The thermocouple recorded the temperature in a separate file, to allow the temperature change to 
be couple with the AE event data for analysis. 
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CHAPTER 5: 
EXPERIMENTAL RESULTS AND DISCUSSION 
The experimental results and discussion for the three parts of this study are presented in this chapter.  
Part 1 presents the DC(T) and AE testing of virgin and 36 hour aged samples without rejuvenator 
as a baseline. Part 2 reviews the results from DC(T) and AE testing of specimens that were aged 
36 hour, and then different amounts of rejuvenator applied over varying dwell times. Part 1 and 
Part 2 DC(T) tests were run at 0°C instead of the standard -12°C because previous works have 
shown the standard temperature to be close to the embrittlement temperature of 36 hours aged PG 
64-22 specimens. The warmer temperature was used to avoid any possible misreadings for testing 
below the embrittlement temperature. Part 3 discusses results from Virgin, 36 hour, and 
rejuvenated specimens tested using DC(T) tests at a temperature lower than the standard (-20°C 
instead of -12°C). 
 
5.1   PART 1: VIRGIN AND 36 HOUR AGED UNREJUVENATED SPECIMEN AT 0°C 
The virgin and 36 hour aged specimens are prepared as specified in Sections 4.1.1 and 4.1.2. The 
specimens were subjected to DC(T) testing, and then AE testing on the two halves of the broken 
DC(T) specimens. These tests were run on Virgin and 36 hours aged specimen to establish a 
reference point for the restorative nature of rejuvenator in terms of embrittlement temperature and 
the mechanical performance in terms of peak load and fracture energy during DC(T) testing. 
 
5.1.1 Disk-Shaped Compact Tension (DC(T)) Testing 
The first round of tests were done on the Virgin and 36 hour samples without rejuvenator.  Table 
5.1 below shows the peak loads and fracture energy from the virgin and 36 hour samples. Figures 
5.1 and 5.2 show the DC(T) plots for the 36 hour and virgin specimens respectively. 
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Table 5. 1. Peak load and fracture energy results from DC(T) testing of virgin and 36 hour 
Specimen Peak Load(kN) Fracture Energy(J/m2) 
36 hour-1 1.94 308.9 
36 hour-2 2.16 327.9 
36 hour-3 2.19 354.4 
Virgin-1 2.93 608.3 
Virgin-2 3.04 677.4 
Virgin-3 2.88 718.3 
 
 
Figure 5. 1. DC(T) results for the 3 specimens aged 36 hours and tested at 0°C 
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Figure 5. 2. DC(T) results for the 3 virgin specimens tested at 0°C 
 
 
From the results it can be seen that the specimens aged 36 hours performed worse in the DC(T) 
testing than the Virgin specimens. The average peak load was 2.10 kN for the 36 hours aged 
specimens, and 2.95 kN for the Virgin samples, a difference of 0.85 kN. The average fracture 
energy was 330.4 J/m2 for the 36 hours aged specimens, while the Virgin specimens had an average 
fracture energy of 668 J/m2. These differences are visually represented in Figures 5.1 and 5.2 with 
the DC(T) plots of the 3 different samples for the 36 hours aged and virgin samples respectively. 
The higher peaks in Figure 5.2 correspond to the higher peak loads in the virgin samples over the 
36 hours aged samples in Figure 5.1. The fracture energy is calculated using the area under the 
DC(T) curve, which from Figure 5.2 and Figure 5.1 can be estimated as higher for the virgin binder 
due to the higher peak loads and longer runs for each curve. The high fracture energy and peak 
loads of the Virgin binder imply it is less stiff than the 36 hours aged specimens. A lower stiffness 
allows the binder to withstand higher stresses as the tensile load increases. As the stresses build in 
the specimen, the energy does as well, causing the fracture energy to be high when the specimen 
finally begins to fail during the DC(T) test.  
33 
 
The results from the DC(T) testing of the 36 hours aged and the virgin samples follow results seen 
in previous studies. Asphalt binder that has been aged is known to be stiffer and more brittle than 
a virgin binder that hasn’t oxidized. This is reflected in the results with the virgin binder specimens 
having nearly double the fracture energy of those aged 36 hours. It is also seen in the peak load 
where the virgin specimens resist anywhere from 0.7 to 1 kN more of a tensile load than the 36 
hours aged specimens. 
 
5.1.2 Acoustic Emission (AE) Testing 
The results for the AE testing of the 36 hours aged specimens and the virgin specimens are seen 
below. Figures 5.3 and 5.4 show the AE plots of the temperature versus the energy of the acoustic 
events, along with the acoustic emission event count. 
 
Figure 5. 3. AE event energies versus temperature for the first half of the virgin specimen, along with a curve 
depicting the AE event count 
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Figure 5. 4. AE event energies versus temperature for the first half of the 36 hours aged specimen, along with a 
curve depicting the AE event count 
It is observed that the 36 hours aged specimens has a much warmer embrittlement temperature 
than the virgin specimen in the AE plots of Figures 5.3 and 5.4.  The 36 hours aged specimen has 
a much faster initiation of acoustic emission events due to cracking, this is as expected because 
the stiffer aged binder causes the specimen to be more susceptible to the mismatch of the 
coefficient of thermal expansion between the binder and the aggregates. This is also reflected in 
the way the event count curve rises faster at a warmer temperature than the one seen in the virgin 
specimen. The results for the embrittlement temperature for both halves, as well as the average 
embrittlement temperature, for the 36 hours aged and the virgin specimens is presented in Table 
5.2 below. 
 
 
 
 
 
 
35 
Table 5. 2 Embrittlement Temperature results for the Virgin and 36 hours aged specimens obtained via the acoustic 
emission technique 
Sample Aging Embrittlement 
Temperature of 
DC(T) Half 1 
(°C) 
Embrittlement 
Temperature of 
DC(T) Half 2 
(°C) 
Average 
Embrittlement 
Temperature of 
 (°C) 
36 hours -15.34 -15.19 -15.27 
Virgins -25.13 -25.29 -25.21 
 
The average embrittlement temperatures for the two different types of specimens enforces what 
has already been seen from the AE plots and the DC(T) testing. There is a clear detriment to the 
36 hours aged specimens low temperature performance due to the oxidation and aging process. 
This aging and oxidization results in a much stiffer binder, more likely to experience damage at 
low temperatures. 
 
From these results a baseline for the acoustic emission results for the other 2 parts of the study can 
be set. It is seen that the 36 hours aged specimens are much more susceptible to damage at lower 
temperatures. Thus in order for an improvement to be seen due to the rejuvenator, the 
embrittlement temperature must be lower than that of the 36 hours aged specimens. So, the 
rejuvenated specimens at the very least need to have embrittlement temperatures cooler than 15°C. 
In order to display restorative properties to the point of making the aged asphalt like freshly laid 
pavement, the embrittlement temperatures have to be as cool or cooler than that of the virgin 
specimens’ average embrittlement temperature. Therefore, if the rejuvenated samples show an 
embrittlement temperature of 25°C at the warmest. 
 
5.2   PART 2: 36 HOUR AGED SPECIMENS WITH REJUVENATOR APPLIED  
For part 2 of this study, 8 batches of asphalt specimens prepared as specified in Chapter 4.1 were 
prepared. All 8 of these batches were aged 36 hours to cause high levels of oxidation and aging in 
them. They were then compacted and cut into DC(T) samples as specified in Chapter 4.1.2. Then 
the 8 batches were separated into groupings of 3 (9 per batch) for the 3 different amounts of 
rejuvenator (10%, 15%, and 20% by weight of the asphalt binder used in the specimen). Therefore 
36 
each batch had 3 replicates of each rejuvenator level, i.e. 3 with 10%, 3 with 15%, and 3 with 20%. 
The 8 batches were left for different dwell times from 1 week to 8 weeks before testing. This was 
done in order to quantify the effects of rejuvenator on the mechanical properties of asphalt concrete 
that had previously been aged for 36 hours (in terms of fracture energy and peak load). These tests 
were run at 0°C. These results are then compared to those of the 36 hours aged specimens and the 
virgin specimens from part 1 of the study. 
 
5.2.1 Disk-Shaped Compact Tension (DC(T)) Testing 
The results for the DC(T) tests run on the specimens that were first aged 36 hours in the mixing 
process, and then had different rejuvenator percentages applied and allowed to dwell for 1 to 8 
weeks are shown below in Table 5.3.  Note that this table gives the average fracture energies and 
peak loads for the different rejuvenator percentages and dwell times. A more extensive table with 
each iteration is available in Appendix B. 
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Table 5. 3 DC(T) Results of the rejuvenated samples, including the Peak Load and Fracture Energy averages for the 
8 Dwell periods for each rejuvenator amount 
 
Dwell Time 
 (weeks) 
 
Percent Rejuvenator 
by weight of binder 
(%) 
 
Fracture Energy 
(J/m2) 
 
Peak Load 
(kN) 
 
1 
10 
15 
20 
288.40 
302.8 
311.17 
1.37 
1.59 
1.73 
 
2 
10 
15 
20 
310.45 
295.03 
397.23 
1.43 
1.41 
1.61 
 
3 
10 
15 
20 
356.18 
345.16 
361.82 
2.21 
1.68 
1.71 
 
4 
10 
15 
20 
413.10 
256.80 
357.23 
1.74 
1.44 
1.76 
 
5 
10 
15 
20 
413.96 
346.97 
325.75 
2.01 
2.14 
2.06 
 
6 
10 
15 
20 
334.38 
339.10 
305.65 
1.83 
2.04 
1.85 
 
7 
10 
15 
20 
280.27 
291.12 
308.11 
1.19 
1.69 
1.56 
 
8 
10 
15 
20 
312.37 
338.00 
311.23 
1.66 
1.75 
1.59 
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The results in Table 5.3 was obtained by extracting information from each individual DC(T) test 
results. These results were first plotted to see how the individual samples compared to one another. 
Figure 5.5 below is an example of the DC(T) plots created with the data obtained from testing the 
3 specimens containing 10% rejuvenator by weight of binder that were allowed a dwell period of 
four weeks. The peak loads were obtained by finding the highest load value on the curve for each 
specimen. Fracture energies were obtained by taking the area under the curve and dividing it by 
the cross-sectional area of the specimen. The complete set of graphical results for the DC(T) tests 
performed can be found in Appendix C. 
 
 
Figure 5. 5. CMOD vs Load Data from the results of the 3 specimens aged 36 hours and left to dwell in 10% 
rejuvenator for 4 weeks 
 
From Table 5.3 above, the fracture energies appear to stay between 250 and 450 J/m2, and the 
peak loads range from 1.5 to 2.25 kN. However there is no clear trend looking strictly at the 
numerical data. Comparing the results in Table5.3 to Table 5.1 in the first portion of the study, it 
can be seen that through the eight week dwell period the fracture energy of the DC(T) samples 
remained close to the fracture energy of the 36 hours aged specimens. This is seen more clearly in 
Figure 5.6 below, which plots the results for the fracture energy of the 36 hours aged specimens, 
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the virgin specimens, and the average fracture energies for the DC(T) specimens that were soaked 
with 10%, 15%, and 20% rejuvenator by weight of binder for 1 to 8 weeks. 
 
 
Figure 5. 6. Comparison of the Average Fracture Energy results from the DC(T) testing of the virgin specimens, the 
36 hours aged specimens, and the rejuvenated specimens over all 8 weeks of dwell time 
 
From Figure 5.6 it becomes clear that the fracture energies for the rejuvenated specimens tend to 
oscillate around the fracture energy of the 36 hours aged specimens. The specimens containing 10% 
show the most improvement out of the three different levels of rejuvenator, between the 4 and 5 
week period, with a fracture energy of 413.10 J/m2. However, after the 5 week dwell period the 
fracture energies decrease to near the same level as the 36 hours aged specimens at 6 weeks dwell 
period. The fracture energies for all three levels of rejuvenator then decrease below that of the 36 
hours aged specimens. Note, that for the entire set of data the fracture energy never comes within 
200 J/m2 of the virgin specimens’ fracture energy.  
 
The rejuvenated samples also showed lower maximum loads than the samples without rejuvenator. 
Figure 5.7 below displays the results for the maximum loads of the specimens containing 10%, 
15% and 20% rejuvenator by weight of binder compared to the maximum loads of the virgin and 
36 hours aged specimens. 
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Figure 5. 7. Comparison of the Average Peak Loads results from the DC(T) testing of the virgin specimens, the 36 
hours aged specimens, and the rejuvenated specimens over all 8 weeks of dwell time 
 
 
As can be seen in Figure 5 the peak loads decrease with the addition of rejuvenator. The exceptions 
being the specimens containing 10% rejuvenator at 3 weeks dwell time, and 15% rejuvenator at 5 
weeks dwell time. However, overall the maximum load decreases for the rejuvenated samples to 
a point below the 36 hours aged specimens. This is likely due to the softening process of the 
rejuvenator. The asphalt binder may be softened to a point where it can no longer resist as high of 
a peak load in the DC(T) process. This may also be a result of the warmer than standard testing 
temperature at 0°C. At this warmer temperature, the rejuvenator may soften the binder enough that 
the binder doesn’t start to stiffen as much as it would at a lower temperature. That would lead to 
the asphalt mixture to be less resistant to applied stresses in the DC(T) testing, and thus failure at 
lower peak loads. This softening can also be attributed to the lower fracture energy of the 
rejuvenated samples. The binder softening to the point of having a lower peak load at 0°C, would 
also mean the fracture energy would be lower as the energy released when the specimen cracked 
would be lower. 
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5.2.2 Acoustic Emission (AE) Testing 
The results for the acoustic emission testing run on the rejuvenated samples is provided in Table 
5.4 below. Results for the embrittlement temperature for both halves of the DC(T) specimen tested 
are shown, as well as the average embrittlement temperature as a whole. The results are given for 
all of the dwell periods, 1 to 8 weeks, as well as the 3 rejuvenator percentages by weight of binder 
(10%,15%, 20%). The information was obtained from analyzing the AE results energy in figures 
such as those below in Figure 5.8. The rest of the AE results plots can be found in Appendix D.   
Please note that since the testing used 4 sensors spaced across the top surface of each half, the 
results for each half are an average of 4 local acoustic emission tests run on the specimens. 
Therefore the overall average is for 8 AE test recordings, rather than just two.  
 
 
Figure 5. 8 Acoustic Emission results displaying the acoustic energy versus the temperature for the specimen coated 
in 10% rejuvenator for a 4 week dwell period 
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Table 5. 4. Embrittlement temperatures for rejuvenated DC(T) specimens 
 
Dwell Time 
(weeks) 
 
Percent 
Rejuvenator by 
weight of binder 
(%) 
 
Embrittlement 
Temperature of 
DC(T) Half 1 
(°C) 
 
Embrittlement 
Temperature of 
DC(T) Half 2 
(°C) 
 
Avreage 
Embrittlement 
Temperature 
(°C) 
 
 
1 
10 
15 
20 
-18.08 
-21.76 
-19.76 
-18.41 
-18.98 
-23.00 
-18.25 
-20.37 
-21.38 
 
2 
10 
15 
20 
-23.05 
-22.33 
-- 
-25.76 
-23.97 
-21.55 
-24.41 
-23.15 
-21.55 
 
3 
10 
15 
20 
-20.37 
-22.53 
-20.69 
-20.02 
-- 
-- 
-20.20 
-22.53 
-20.69 
 
4 
10 
15 
20 
-22.12 
-29.74 
-23.36 
-23.23 
-27.47 
-23.09 
-22.68 
-28.61 
-23.23 
 
5 
10 
15 
20 
-22.50 
-16.76 
-22.83 
-23.47 
-17.48 
-24.81 
-22.99 
-17.12 
-23.82 
 
6 
10 
15 
20 
-- 
-23.06 
-25.57 
-- 
-25.17 
-25.56 
-- 
-24.12 
-25.57 
 
7 
10 
15 
20 
-26.79 
-28.16 
-30.11 
-27.52 
-21.65 
-28.10 
-27.16 
-24.91 
-29.11 
 
8 
10 
15 
20 
-30.55 
-30.25 
-30.19 
-29.71 
-29.48 
-31.05 
-30.13 
-29.87 
-30.62 
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From Table 5.4 it can be seen the rejuvenator improves the embrittlement temperature at all 
percentages and dwell periods. All of the results display an embrittlement temperature cooler than 
that of the 36 hours aged sample given in section 5.1.2 (15°C). The largest difference between 
embrittlement temperatures is seen between the 1 and 8 week dwell times. This is expected as the 
longer dwell time would give the rejuvenator more time to act on the aged binder, and decrease its 
stiffness and oxidation. The embrittlement temperature cools by a large margin in this period, from 
-20°C to -30 °C. Therefore a period of 8 weeks improves the low temperature performance by 10 
degrees, and improves the specimens’ embrittlement temperature by 15°C over the 36 hours aged 
specimen seen in 5.1.2. Figures 5.9 through 5.11 below plot the average embrittlement 
temperatures for the 3 different levels of rejuvenator, versus the dwell time. 
 
 
Figure 5. 9. Average embrittlement temperature trends over the 8 week dwell period for DC(T) samples containing 
10% rejuvenator 
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Figure 5. 10. Average embrittlement temperature trends over the 8 week dwell period for DC(T) samples containing 
15% rejuvenator 
 
Figure 5. 11. Average embrittlement temperature trends over the 8 week dwell period for DC(T) samples containing 
20% rejuvenator 
 
From these figures it is seen that all three rejuvenator levels improve the embrittlement temperature 
from about -20°C at a 1 week dwell period to -30°C at an 8 week dwell period. The 10% rejuvenator 
by weight of binder specimens show a gradual increase with the temperature varying little between 
the 1 and 4 weeks dwell periods, but then improving to -30°C from the 5 weeks to 8 weeks at a 
gradual rate. The 20% rejuvenator by weight of binder specimens have a similar trend, however 
act more like a step function with little fluctuation between 1 and 3 weeks, then a slight increase 
at 4 weeks leveling again at 5, then improving to -30°C at an 8 weeks dwell time. The 15% by 
weight of binder specimens portray a slightly different trend despite the same temperatures at 1 
and 8 weeks. The specimens experience a warming in embrittlment temperature from the 4 weeks 
to 5 weeks dwell time by 10°C. This could be an issue of rejuvenator amount, but is unlikely as it 
is the middling amount in terms of rejuvenator content. This is more likely due to the randomness 
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within the asphalt structure itself. Despite the fact that the same mix design, mixing process, and 
compaction technique are used, asphalt is inherently variable in its structure. The makeup will not 
always be the same, in terms of regions with pores or dispersion of aggregate sizes. This could 
cause some specimens to have a higher amount of pores, and interconnecting pores allowing for 
easier penetration of the rejuvenator over other specimens. From the results of all 3 rejuvenator 
levels, it is most likely this randomness that causes the trend seen in that subset of the 15% 
specimens. The 5 weeks dwell time subset may have a lower number of pores and interlocking 
pores, therefore the rejuvenator was unable to penetrate as far and improve the binder’s stiffness 
and embrittlement temperature. 
 
5.2.3 Cross-Section Observations 
Prior to the AE testing, but after the DC(T) testing the cross section of the DC(T) halves were 
inspected to give visual feedback on the effects of rejuvenator. First the 36 hours aged specimens 
and the virgin specimens were observed to get a baseline for the characteristics of the two extreme 
conditions of the specimens. Figures 5.12 And 5.13 below show the cross sections of a 36 hours 
aged and a virgin specimen respectively. 
 
Figure 5. 12. Cross-section of 36 hours aged DC(T) with fracture surface indicating failure through the binder 
indicated in yellow 
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Figure 5. 13. Cross-section of Virgin DC(T) specimen, with fracture surface indicating crack propagation through 
numerous aggregates 
 
It is observed that the 36 hours aged specimen displays clear signs of aging and oxidation in the 
discoloration of the binder and aggregates. Also of note is the lack of cleaved aggregates, and the 
area in the center of the cross section where the crack clearly propagated around aggregates and 
through the binder. This path of crack propagation supports the findings that the aged binder is 
stiffer and more brittle. However the virgin binder has a much less deteriorated look to it. The 
binder still has a dark color to it, associated with freshly laid pavement. There is also clear evidence 
of cleaving in the aggregates indicating the crack propagated through the aggregates instead of 
around them like it did in the 36 hours aged sample. This suggests the virgin binder is able to resist 
the tensile forces applied during the DC(T) testing strongly enough that the crack finds less 
resistance propagating through the aggregates than the binder or the interface between the two. 
 
The cross sections of the rejuvenated samples were observed to gain insight on the penetration and 
absorption of the rejuvenator, as well as the fracture surface. As early as a one week dwell time, 
tiny pockets of unabsorbed rejuvenator are noticed near the center of the cross section at all three 
rejuvenator percentages. Figures 5.14 a, b, and c show the cross sections of the 1 week dwell time 
rejuvenated samples for the three different rejuvenator levels below. 
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Figure 5. 14. Fracture surface cross-sections of the DC(T) samples experiences 1 week dwell time with (a)10%, 
(b)15%, and (c) 20% rejuvenator by weight of binder 
 
As is seen in the three figures, the rejuvenator is able to penetrate down into the binder even just 
after 1 weeks dwell time (indicated by the red ovals). The percentage applied affects the amount 
left unabsorbed in the top layers of the specimen, as indicted by the green ovals. This amount of 
penetration gives a visual indication as to how the rejuvenator was able to restore some of the 
binder’s low temperature performance in terms of the AE results after 1 week of dwell time. Note 
the color of the binder in the specimen as well. The portions without the wet rejuvenator, show 
some of the discoloration seen in the 36 hours aged samples but are starting to darken. The fracture 
(a) 
(b) 
(c) 
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surface is noted to still be similar to the 36 hours aged specimen, implying the binder is still the 
weaker portion of the mixture during the DC(T) testing.  
 
After 4 weeks of dwell time the cross section begins to look different. Figure 5.15 displays the 
cross section of a specimen containing 15% rejuvenator by weight of binder after allowing 4 weeks 
of dwell time to pass. 
 
Figure 5. 15. Cross-section of DC(T) left to dwell in 15% rejuvenator for 4 weeks. Unabsorbed rejuvenator is 
indicated by the green oval. The red oval indicates the unabsorbed rejuvenated rejuvenator that has penetrated 
deeper into the specimen. The blue outline indicates an area before the regions of unabsorbed rejuvenator that has 
the darker color of rejuvenated binder. 
 
Again the unabsorbed rejuvenator that has penetrated deep into the specimen is indicated by the 
red oval, and the unabsorbed rejuvenator near the surface is indicated by the green oval. However, 
note the area indicated by the blue oval. This area is before the region of deeper penetration, yet 
doesn’t have the undried rejuvenator deposits. The binder in this area is also darker in color than 
the 36 hours aged specimens and the 1 week dwell time specimens. This darkening in coloration 
could be due to the restoration of the binder due to the rejuvenator acting on it. The fracture surface, 
however, still looks similar to the 36 hour specimen. This is likely due to the binder softening so 
much from the rejuvenator, that the crack receives less resistance going through the binder as it 
pulls apart, rather than going through the aggregates. This agrees with the DC(T) results that 
showed a decrease in peak load, and a leveling off of the fracture energy. 
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The 8 weeks specimens displayed visual results more indicative of the rejuvenator’s effect on the 
binder. Figure 5.16 shows the cross section from a specimen containing 10% rejuvenator by weight 
of binder, left to dwell for 8 weeks. 
 
 
Figure 5. 16. Cross-section of DC(T) specimen with 10% rejuvenator by weight of binder after an 8 week dwell 
time. The green outlined areas indicated pockets of unabsorbed rejuvenator. 
 
 
The first thing to note is the very dark color of the binder throughout, similar to the specimen from 
the 4 weeks batch in Figure 4.14. Also there aren’t pockets of unabsorbed rejuvenator in the center 
of the specimen, just a few pockets near the surface as indicated by the green ovals. The dark color 
resembles the virgin binder much more closely than that of the 36 hours aged, however the exposed 
aggregates still display the brownish discoloration noted in the 36 hours aged specimens. This 
could indicated the rejuvenator does not react as well with the binder at the interface between the 
aggregates and the binder. The fracture surface is again closer to the 36 hours aged specimen. This 
is likely due to the reasoning expressed above, where the binder has softened so much from the 
rejuvenator, the crack finds less resistance moving through it as opposed to the aggregates. 
 
An extensive example of the cross sections for the specimens that were rejuvenated can be found 
in Appendix E. There, photographs of the three different rejuvenator percentages for all 8 weeks 
are displayed. 
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5.3 PART 3: 36 HOUR AGED SPECIMENS WITH REJUVENATOR APPLIED TESTED 
AT LOWER TEMPERATURE 
 
In part 3 of this study, 6 batches of 3 samples were prepared as specified in 4.1.1 and 4.1.2 for 
DC(T) testing. One set was composed of samples with virgin binder, the other 5 batches were aged 
36 hours before compaction. Four of the batches that were aged had 10% rejuvenator by weight of 
binder content applied to the top and bottom surfaces as per section 4.1.3. These four sets were 
tested at different dwell times of 1 week, 2 weeks, 3 weeks, and 4 weeks. For this portion of the 
study the DC(T) tests were run at a colder than standard temperature, -20°C. The reason for the 
lower temperature was to determine how well the rejuvenator restored the materials and affected 
their mechanical properties. The chosen temperature of -20°C is between the embrittlement 
temperatures of the 36 hours aged samples, -15°C, and the embrittlement temperature of the virgin 
samples, - 25°C. Therefore, hypothetically if the rejuvenator was restoring the binder to virgin or 
near virgin properties, the samples should behave similarly to the softer binder. The 36 hours aged 
and virgin specimens were tested at -20°C for control samples to have a benchmark with which to 
compare the rejuvenated samples. The results for the DC(T) tests are given in subsection 5.3.1 
below, followed by the AE results from the samples in section 5.3.2.  
 
5.3.1 Disk-Shaped Compact Tension (DC(T)) Testing 
The results for the DC(T) samples tested at the cooler temperature of -20°C. There were 6 sets of 
specimens tested, a virgin control set, a 36 hours aged control set, and 4 sets of 36 hours aged with 
10% rejuvenator applied varying dwell time between 1 and 4 weeks. Please note that although 3 
replicates for each subset were prepared, during testing one sample failed early for each due to the 
lower temperature.  
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Table 5. 5. DC(T) results including the average peak loads and fracture energy for the virgin, 36 hours aged, and 
rejuvenated samples tested at -20°C 
Dwell Time 
(weeks) 
Sample 
(-) 
Peak Load 
(kN) 
Fracture 
Energy 
(J/m2) 
 
Virgin 
 
1 
2 
3 
2.29 
- 
1.95 
276.06 
- 
296.62 
 
36 hours 
aged 
 
1 
2 
3 
2.76 
2.67 
- 
203.79 
239.47 
- 
 
1 
 
1 
2 
3 
2.09 
- 
2.32 
333.86 
- 
314.75 
 
2 
 
1 
2 
3 
- 
1.93 
1.38 
- 
340.64 
320.96 
 
3 
 
1 
2 
3 
- 
2.28 
2.10 
- 
345.01 
320.96 
 
4 
 
1 
2 
3 
1.99 
2.18 
- 
315.34 
314.42 
- 
 
From Table 5.5 it is seen that the fracture energies for the virgin specimens are much higher than 
those of the 36 hours aged at this lower testing temperature of -20°C. However, the peak loads 
show the opposite, with the 36 hours aged specimen having higher peak loads than the virgin 
specimens. The rejuvenated specimens have peak loads similar to the virgin specimens, while the 
fracture energies for all 4 dwell times are even higher than those of the virgin specimens. This 
implies the rejuvenator is improving the performance of the aged binder to levels equivalent and 
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higher of the virgin binder. The peak loads show it is softening the binder, causing it to not react 
as stiffly as the 36 hours aged specimens. From a private discussion with Brian Hill, an explanation 
was determined. The likely reason for the trend seen is the 36 hours aged specimen is stiff and 
highly oxidized, so at the even lower testing temperature it becomes so stiff it is able to resist a 
high load. However, after the initial crack not as much energy is required to propagate it, implying 
a catastrophic failure in the specimen. The virgin samples have the higher fracture energies because 
the crack propagates more slowly due to the softer binder pulling apart rather than fracturing in a 
brittle manner.  The rejuvenated samples show a nature similar to the virgin, but have even higher 
fracture energies. This could imply the rejuvenator has made the binder even softer than the virgin 
specimens. Therefore, after the initial crack at the lower load, the crack propagates more slowly 
through the soft material, similar to a ductile material. Figures 5.18 and 5.19 plot the results to 
show the trends between the virgin, 36 hours aged, and rejuvenated samples. 
 
 
Figure 5. 17. Comparison of the Maximum load versus dwell time for the rejuvenated DC(T) samples versus the 
virgin and 36 hours aged specimens tested at -20°C 
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Figure 5. 18. Comparison of the Fracture Energy versus dwell time for the rejuvenated DC(T) samples versus the 
virgin and 36 hours aged specimens tested at -20°C 
 
 
The trends are clearly represented in these figures. The fracture energies of the rejuvenated samples 
are shown to be much higher than the 36 hours aged and the virgin specimens. The maximum 
loads of the rejuvenated samples are also seen to closely resemble those of the virgin specimens. 
The two week dwell period displays a lower peak load, but this could again be related to the 
random nature of the asphalts structure. The specimens could have a lower number of pores to 
allow easy penetration for the rejuvenator. 
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CHAPTER 6: CONCLUSIONS 
The effect of rejuvenator on the mechanical and thermal performance of aged asphalt concrete was 
investigated in this study via DC(T) testing and an Acoustic Emission technique for determining 
the embrittlement temperature. The study was split into 3 main sections. Part 1 tested the 
mechanical strength and low temperature performance of virgin asphalt specimens versus 
specimens that were artificially aged 36 hours in an oven at 135°C. Part two investigated the effects 
of rejuvenator on the mechanical characteristics of 36 hours aged specimens at 135°C, via DC(T) 
testing run at 0°C, as well as determining changes in the embrittlement temperature via AE testing. 
The third and final part looked into the effect of temperature changes on the mechanical properties 
of rejuvenated asphalt specimens via DC(T) testing. This part performed DC(T) tests at -20°C, a 
temperature lower than the standard by 8°C. 
 
6.1 SUMMARY OF PART 1: VIRGIN AND 36 HOURS AGED SPECIMEN  
In part 1 of this study, it was observed that the specimens aged 36 hours performed worse than the 
virgin specimens. This was expected from previous work done on HMA mixes, where more aged 
and oxidized specimens were shown to have lower mechanical strength and worse low temperature 
performance. The observed decrease in peak load and fracture energy with increased aging 
indicates the stiffness levels are much higher in the aged samples. Similar results were seen in the 
AE testing, where the embrittlement point was reached at a point 10°C warmer than that of the 
virgin specimens. Both of these decreases in performance can be attributed to the oxidation of the 
aged samples increasing stiffness. The increased stiffness makes the asphalt less resistant to the 
crack propagation in the DC(T) testing. Also it decreases its ability to resist thermal stresses, 
causing a higher difference in the coefficients of thermal expansion between the aggregates and 
the binder. Therefore, this part of the study solidifies the results of other studies showing aging 
decreases low temperature and mechanical performance of HMA mixes. It also sets a threshold 
for the performance of aged and virgin specimens with this mix design for the other two parts of 
this study. 
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6.2 SUMMARY OF PART 2: 36 HOURS AGED SPECIMEN WITH REJUVENATOR 
APPLIED 
In part 2 of this study results indicated the rejuvenator didn’t improve the mechanical performance 
of the aged asphalt specimens. For each of the 8 week dwell periods the fracture energies remained 
close to the average values found for the 36 hours aged specimens in part 1 of the study. The DC(T) 
results also showed a decrease in the peak load of the specimens with rejuvenator for all 3 
percentages (10%, 15%, and 20%) for most of the dwell periods. The only point above for the 
maximum load was the 10% rejuvenator by weight of binder at 3 weeks dwell time, but that is 
attributed more to the random nature of the asphalt structure than the rejuvenator itself. These 
results imply the rejuvenator does not improve the mechanical performance of the aged specimens 
at the testing temperature of 0°C. Results obtained from the AE testing were more promising for 
the rejuvenated samples. An improvement was seen at each dwell period, with an improvement of 
4°C to 5°C in only one week, to an improvement of 15°C after 8 weeks over the embrittlement 
temperature of the 36 hours aged specimens. These results imply the rejuvenator has an effect on 
the binder, as it is more capable of resisting thermal stresses as they are applied than those of the 
unrejuvenated samples. This study shows the potential for using AE techniques for investigating 
the embrittlement temperature of asphalt specimens with different levels and types of rejuvenator 
in the future. 
 
6.3 SUMMARY OF PART 3: 36 HOURS AGED SPECIMENS TESTED AT A LOWER 
TEMPERATURE 
In part 3 of this study the results indicated the rejuvenator is much more beneficial to the 
mechanical performance of aged asphalt specimens at the lower testing temperature. The 36 hours 
aged specimens used as control had the highest peak loads, but this is most likely due to the high 
levels of stiffness due to oxidation. The rejuvenated samples had peak loads at the same levels as 
those of the virgin binder, indicating the rejuvenator had restored the stiffness of the binder to a 
lower level, close to that of the virgin specimens. Results for the fracture energy were positive. 
The energy for the rejuvenated samples was higher than that of the 36 hours aged specimens and 
even the virgin specimens. These results indicate that the rejuvenator restores the oxidation levels 
and softens the binder. This softening effect could be the reason for the higher fracture energy, as 
it would cause the specimen to slowly pull apart as the crack propagates, instead of quickly as it 
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does in the stiffer binder. A better performance at this lower DC(T) temperature correlated well 
with the AE testing done in part 2, as the rejuvenator was proven to improve low temperature 
characteristics. Part 2 indicated the rejuvenator causes the asphalt to reach the embrittlement 
temperature at cooler levels. Therefore, the DC(T) testing done at this lower temperature is at a 
point where the rejuvenated asphalt isn’t yet brittle, and able to resist mechanical loads better with 
its softer binder than the 36 hours aged and virgin samples which are beyond and close to their 
respective embrittlement temperatures. 
 
 
6.4 RECOMMENDATIONS AND FINAL REMARKS 
Part 1 of this study was effective in determining the mechanical and low temperature 
characteristics of the virgin and 36 hours aged specimens. However some testing could be done to 
ensure the trends hold for different binder grades. A testing of samples with different binders, aged 
binders and virgin binders could give baselines for potential rejuvenator testing on different binder 
grades. 
 
In part 2 of this study only 3 levels of rejuvenator were tested by weight of the asphalt binder. 
These three levels may not have been the ideal amount, and a lower amount than 10%, such as 
2.5%, 5%, and 7.5% could be run, or higher percentages. This would allow the possibility of a 
lower percentage of binder improving mechanical properties at a warmer DC(T) testing 
temperature to be tested. Also, only one type of rejuvenator was tested in this study (Reclamite® 
emulsion). Due to the high amount of rejuvenator porducts in the market, it would be worthwhile 
to look into the effects of different rejuvenators on the mechanical and thermal properties. 
 
Part 3 of this study indicated positive results for the rejuvenator’s effect on mechanical and thermal 
properties, however the data set was relatively small due to failed samples. Therefore it is 
recommended to rerun them with a higher number of samples due to the likelihood of sample 
failure at the lower than test temperature. Another potential test could be to find a temperature 
between the two used (0°C and -20°C), possibly the standard of -12°C, to test the rejuvenator’s 
effectiveness. 
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In conclusion, the use of rejuvenator on aged HMA mixtures is proven by the data to improve the 
low temperature performance of the asphalt. The AE results indicated that the rejuvenator clearly 
improves the materials resistance to low temperature cracking, and thermal stresses. However, at 
the warmer temperature the DC(T) results indicated a degradation in mechanical performance. The 
cooler temperature DC(T) results indicated an improvement of mechanical performance. Thus the 
results indicate the rejuvenator would be beneficial for use on aged asphalt, but in areas of cooler 
climes. In order to fully understand how it would perform in warmer climes it is recommended 
that further testing on the mechanical properties be done on rejuvenated samples (such as IDT, 
rutting, etc). However, it is in the author’s opinion that the rejuvenator shows potential for use in 
cooler climes for the restoration, maintenance of aged asphalt pavements as long as careful 
consideration is given to the binders and rejuvenators used. 
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APPENDIX A: TABLES OF REJUVENATOR WEIGHTS APPLIED TO 
DC(T) SPECIMENS 
Table A. 1 Specimen masses and mass of rejuvenator applied to each for 1 week dwell period before DC(T) testing 
Rejuvenator 
Percentage 
Sample 
Number 
Sample 
Weight 
(grams) 
Binder 
Weight 
(5.9%) 
(grams) 
Rejuvenator 
Weight 
(grams) 
Weight of 
Rejuvenator 
on each 
sample 
surface 
(grams) 
Sample 
Weight 
after 1 
week 
dwell 
period 
(grams) 
 
10% 
1 1808.60 106.71 10.67 5.34 1815.10 
2 1697.10 100.13 10.01 5.01 1702.40 
3 1790.40 105.63 10.56 5.28 1797.80 
 
15% 
1 1779.70 105.00 15.75 7.88 1790.60 
2 1798.70 106.12 15.92 7.96 1809.30 
3 1845.80 108.90 16.34 8.17 1856.50 
 
20% 
1 1839.30 108.52 21.70 10.85 1853.20 
2 1641.40 96.85 19.37 9.69 1656.80 
3 1713.70 101.11 20.22 10.11 1728.70 
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Table A. 2 Specimen masses and mass of rejuvenator applied to each for 3 week dwell period before DC(T) testing 
Rejuvenator 
Percentage 
Sample 
Number 
Sample 
Weight 
(grams) 
Binder 
Weight 
(5.9%) 
(grams) 
Rejuvenator 
Weight 
(grams) 
Weight of 
Rejuvenator 
on each 
sample surface 
(grams) 
Sample 
Weight 
after 3 
week 
dwell 
period 
(grams) 
 
10% 
1 1754.80 103.50 10.35 5.18 1764.86 
2 1769.70 104.40 10.44 5.22 1779.54 
3 1785.10 105.30 10.53 5.27 1795.10 
 
15% 
1 1788.50 105.50 15.80 7.90 1803.62 
2 1810.30 106.80 16.02 8.01 1825.25 
3 1859.10 109.70 16.50 8.25 1874.58 
 
20% 
1 1827.10 107.80 21.56 10.78 1847.76 
2 1835.50 108.30 21.67 10.83 1856.92 
3 1826.70 107.80 21.56 10.78 1847.81 
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Table A. 3 Specimen masses and mass of rejuvenator applied to each for 4 week dwell period before DC(T) testing 
Rejuvenator 
Percentage 
Sample 
Number 
Sample 
Weight 
(grams) 
Binder 
Weight 
(5.9%) 
(grams) 
Rejuvenator 
Weight 
(grams) 
Weight of 
Rejuvenator 
on each 
sample surface 
(grams) 
Sample 
Weight 
after 4 
week 
dwell 
period 
(grams) 
 
10% 
1 1761.90 103.95 10.39 5.20 1771.20 
2 1706.20 100.67 10.07 5.03 1716.30 
3 1745.90 103.01 10.30 5.15 1756.00 
 
15% 
1 1749.30 103.19 15.48 7.74 1764.80 
2 1784.10 103.14 15.47 7.73 1798.80 
3 1696.40 100.09 15.01 7.51 1711.10 
 
20% 
1 1720.60 101.52 20.30 10.15 1740.20 
2 1741.80 102.77 20.55 10.27 1761.30 
3 1821.90 107.49 21.50 10.75 1842.20 
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Table A. 4 Specimen masses and mass of rejuvenator applied to each for 5 week dwell period before DC(T) testing 
Rejuvenator 
Percentage 
Sample 
Number 
Sample 
Weight 
(grams) 
Binder 
Weight 
(5.9%) 
(grams) 
Rejuvenator 
Weight 
(grams) 
Weight of 
Rejuvenator 
on each 
sample surface 
(grams) 
Sample 
Weight 
after 5 
week 
dwell 
period 
(grams) 
 
10% 
1 1845.90 108.90 10.90 5.45 1856.23 
2 1835.10 108.30 10.80 5.42 1844.96 
3 1819.60 107.40 10.70 5.36 1829.79 
 
15% 
1 1835.30 108.30 16.20 8.12 1851.12 
2 1809.70 106.80 16.02 8.01 1815.38 
3 1815.10 107.10 16.06 8.03 1830.83 
 
20% 
1 1718.50 101.40 20.30 10.15 1737.96 
2 1788.00 105.50 21.10 10.55 1808.67 
3 1822.60 104.50 21.51 10.75 1843.86 
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Table A. 5. Specimen masses and mass of rejuvenator applied to each for 6 week dwell period before DC(T) testing 
Rejuvenator 
Percentage 
Sample 
Number 
Sample 
Weight 
(grams) 
Binder 
Weight 
(5.9%) 
(grams) 
Rejuvenator 
Weight 
(grams) 
Weight of 
Rejuvenator 
on each 
sample 
surface 
(grams) 
Sample 
Weight 
after 6 
week 
dwell 
period 
(grams) 
 
10% 
1 1707.1 100.7 10.07 5.04 1716.95 
2 1857.5 109.6 10.96 5.48 1867.83 
3 1770.2 104.4 10.44 5.22 1780.24 
 
15% 
1 1805.8 106.5 15.98 7.99 1820.97 
2 1815.4 107.1 16.06 8.03 1830.86 
3 1838.4 108.5 16.27 8.13 1854.32 
 
20% 
1 1819.5 107.35 21.47 10.74 1840.19 
2 1864.8 110.3 22.06 11.03 1885.97 
3 1823.2 107.57 21.5 10.76 1843.89 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
69 
 
Table A. 6. Specimen masses and mass of rejuvenator applied to each for 7 week dwell period before DC(T) testing 
Rejuvenator 
Percentage 
Sample 
Number 
Sample 
Weight 
(grams) 
Binder 
Weight 
(5.9%) 
(grams) 
Rejuvenator 
Weight 
(grams) 
Weight of 
Rejuvenator 
on each 
sample 
surface 
(grams) 
Sample 
Weight 
after 7 
week 
dwell 
period 
(grams) 
 
10% 
1 1761.90 103.95 10.39 5.2 1771.82 
2 1706.20 100.67 10.07 5.03 1705.31 
3 1745.92 103.01 10.3 5.15 1755.62 
 
15% 
1 1749.30 103.19 15.48 7.74 1763.74 
2 1784.10 103.14 15.47 7.73 1798.81 
3 1696.41 100.09 15.01 7.51 1710.76 
 
20% 
1 1720.63 101.52 20.3 10.15 1739.68 
2 1741.80 102.77 20.55 10.27 1761.79 
3 1821.90 107.49 21.5 10.75 1842.63 
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Table A. 7. Specimen masses and mass of rejuvenator applied to each for 8 week dwell period before DC(T) testing 
Rejuvenator 
Percentage 
Sample 
Number 
Sample 
Weight 
(grams) 
Binder 
Weight 
(5.9%) 
(grams) 
Rejuvenator 
Weight 
(grams) 
Weight of 
Rejuvenator 
on each 
sample 
surface 
(grams) 
Sample 
Weight 
after 8 
week 
dwell 
period 
(grams) 
 
10% 
1 1774.12 104.67 10.47 5.24 1783.68 
2 1830.84 108.02 10.80 5.40 1839.25 
3 1800.36 106.22 10.62 5.31 1810.56 
 
15% 
1 1778.47 104.93 15.74 7.87 1791.81 
2 1751.68 103.35 15.50 7.75 1766.44 
3 1815.39 107.12 16.07 8.04 1830.13 
 
20% 
1 1864.36 109.99 21.99 10.99 1884.83 
2 1807.28 106.63 21.33 10.67 1827.14 
3 1855.59 109.48 21.89 10.95 1875.17 
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APPENDIX B: TABLES OF DC(T) RESULTS 
Table B. 1. Results for peak load and fracture energy of the DC(T) samples containing 10% rejuvenator by weight 
of binder 
Dwell 
Time 
(weeks) 
Sample Number 
(-) 
Fracture 
Energy 
(J/m2) 
Average Fracture 
Energy 
(J/m2) 
Peak 
Load 
(kN) 
Average 
Peak Load
(kN) 
 
1 
1 
2 
3 
421.00 
297.70 
146.51 
 
288.40 
1.48 
1.44 
1.19 
 
1.37 
 
2 
1 
2 
3 
375.70 
319.42 
236.24 
 
310.45 
1.44 
1.62 
1.23 
 
1.43 
 
3 
1 
2 
3 
254.42 
348.15 
465.97 
 
356.18 
1.83 
2.33 
2.48 
 
2.21 
 
4 
1 
2 
3 
530.51 
447.32 
261.47 
 
413.10 
1.76 
1.95 
1.51 
 
1.74 
 
5 
1 
2 
3 
440.35 
470.21 
331.47 
 
413.96 
1.84 
2.32 
1.86 
 
2.01 
 
6 
1 
2 
3 
322.96 
345.82 
-- 
 
334.38 
1.83 
1.83 
-- 
 
1.83 
 
7 
1 
2 
3 
268.12 
232.2 
340.51 
 
280.27 
 
1.06 
1.08 
1.44 
 
1.19 
 
8 
1 
2 
3 
256.66 
384.66 
295.71 
 
312.37 
1.48 
1.83 
1.66 
 
1.66 
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Table B. 2. Results for peak load and fracture energy of the DC(T) samples containing 15% rejuvenator by weight 
of binder 
Dwell 
Time 
(weeks) 
Sample Number 
(-) 
Fracture 
Energy 
(J/m2) 
Average Fracture 
Energy 
(J/m2) 
Peak 
Load 
(kN) 
Average 
Peak Load
(kN) 
 
1 
1 
2 
3 
284.53 
279.96 
344.01 
 
302.80 
1.48 
1.52 
1.76 
 
1.59 
 
2 
1 
2 
3 
193.54 
265.81 
425.82 
 
295.03 
1.38 
1.34 
1.54 
 
1.41 
 
3 
1 
2 
3 
255.72 
484.56 
295.21 
 
345.16 
1.39 
2.34 
1.31 
 
1.68 
 
4 
1 
2 
3 
296.58 
310.17 
163.74 
 
256.80 
1.45 
1.34 
1.52 
 
1.44 
 
5 
1 
2 
3 
407.35 
308.20 
325.41 
 
346.97 
2.04 
2.24 
2.15 
 
2.14 
 
6 
1 
2 
3 
264.26 
365.87 
387.32 
 
339.10 
1.62 
2.19 
2.33 
 
2.04 
 
7 
1 
2 
3 
337.93 
157.05 
378.42 
 
291.12 
1.81 
0.67 
2.58 
 
1.69 
 
8 
1 
2 
3 
326.21 
33.025 
357.64 
 
338.00 
1.65 
1.77 
1.84 
 
1.75 
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Table B. 3. Results for peak load and fracture energy of the DC(T) samples containing 20% rejuvenator by weight 
of binder 
Dwell 
Time 
(weeks) 
Sample Number 
(-) 
Fracture 
Energy 
(J/m2) 
Average Fracture 
Energy 
(J/m2) 
Peak 
Load 
(kN) 
Average 
Peak Load
(kN) 
 
1 
1 
2 
3 
449.92 
234.13 
249.56 
 
311.17 
2.68 
1.19 
1.32 
 
1.73 
 
2 
1 
2 
3 
411.72 
434.87 
345.23 
 
397.23 
1.62 
1.71 
1.51 
 
1.61 
 
3 
1 
2 
3 
305.87 
354.13 
425.47 
 
361.82 
1.78 
1.43 
1.91 
 
1.71 
 
4 
1 
2 
3 
277.49 
362.21 
432.00 
 
357.23 
1.33 
1.55 
2.41 
 
1.76 
 
5 
1 
2 
3 
-- 
301.14 
350.43 
 
325.75 
-- 
1.94 
2.18 
 
2.06 
 
6 
1 
2 
3 
286.36 
349.27 
281.32 
 
305.65 
1.92 
1.68 
1.96 
 
1.85 
 
7 
1 
2 
3 
270.13 
346.09 
-- 
 
308.11 
1.30 
1.81 
-- 
 
1.56 
 
8 
1 
2 
3 
319.41 
327.36 
286.99 
 
311.23 
1.58 
1.68 
1.52 
 
1.59 
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APPENDIX C:  PLOTTED DC(T) RESULTS 
 
 
Figure C. 1. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 10% rejuvenator for 1 
week 
 
Figure C. 2. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 15% rejuvenator for 1 
week 
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Figure C. 3. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 20% rejuvenator for 1 
week 
 
Figure C. 4. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 10% rejuvenator for 2 
weeks 
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Figure C. 5. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 15% rejuvenator for 2 
weeks 
 
 
Figure C. 6. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 20% rejuvenator for 2 
weeks 
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Figure C. 7. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 10% rejuvenator for 4 
weeks 
 
Figure C. 8. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 15% rejuvenator for 4 
weeks 
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Figure C. 9. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 20% rejuvenator for 4 
weeks 
 
 
Figure C. 10. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 10% rejuvenator for 
5 weeks 
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Figure C. 11. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 15% rejuvenator for 
5 weeks 
 
Figure C. 12. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 20% rejuvenator for 
5 weeks 
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Figure C. 13. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 10% rejuvenator for 
6 weeks 
 
Figure C. 14. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 15% rejuvenator for 
6 weeks 
81 
 
 
Figure C. 15. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 20% rejuvenator for 
6 weeks 
 
Figure C. 16. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 10% rejuvenator for 
7 weeks 
82 
 
 
Figure C. 17. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 15% rejuvenator for 
7 weeks 
 
Figure C. 18. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 20% rejuvenator for 
7 weeks 
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Figure C. 19. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 10% rejuvenator for 
8 weeks 
 
Figure C. 20. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 15% rejuvenator for 
8 weeks 
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Figure C. 21. CMOD versus Load results plotted from DC(T) tests of the specimens soaked in 20% rejuvenator for 
8 weeks 
 
 
 
 
 
Figure C. 22. CMOD versus Load results plotted from DC(T) tests of the virgin specimens tested at -20°C 
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Figure C. 23. CMOD versus Load results plotted from DC(T) tests of the 36 hours aged  specimens tested at -20°C 
 
 
Figure C. 24. CMOD versus Load results plotted from DC(T) tests of the virgin specimens tested at 0°C 
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Figure C. 25. CMOD versus Load results plotted from DC(T) tests of the 36 hours aged specimens tested at 0°C 
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APPENDIX D: ACOUSTIC EMISSION EMBRITTLEMENT 
TEMPERATURE RESULTS 
 
This appendix contains all of the results from the AE testing done on the halves of the DC(T) 
samples. The results are presented graphically, with the embrittlement temperatures clearly 
labeled.  
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Figure D. 1. Acoustic Emission results displaying the energy of the emissions versus the temperature for the DC(T) 
halves soaked in 10% rejuvenator for 1 week 
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Figure D. 2. Acoustic Emission results displaying the energy of the emissions versus the temperature for the DC(T) 
halves soaked in 15% rejuvenator for 1 week 
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Figure D. 3. Acoustic Emission results displaying the energy of the emissions versus the temperature for the DC(T) 
halves soaked in 20% rejuvenator for 1 week 
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Figure D. 4. Acoustic Emission results displaying the energy of the emissions versus the temperature for the DC(T) 
halves soaked in 10% rejuvenator for 2 weeks 
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Figure D. 5. Acoustic Emission results displaying the energy of the emissions versus the temperature for the DC(T) 
halves soaked in 15% rejuvenator for 2 weeks 
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Figure D. 6. Acoustic Emission results displaying the energy of the emissions versus the temperature  for the DC(T) 
half soaked in 20% rejuvenator for 2 weeks 
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Figure D. 7. Acoustic Emission results displaying the energy of the emissions versus the temperature for the DC(T) 
halves soaked in 10% rejuvenator for 3 weeks 
95 
 
 
Figure D. 8. Acoustic Emission results displaying the energy of the emissions versus the temperature for the DC(T) 
half soaked in 15% rejuvenator for 3 weeks 
 
Figure D. 9. Acoustic Emission results displaying the energy of the emissions versus the temperature for the DC(T) 
half soaked in 20% rejuvenator for 3 week 
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Figure D. 10. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 10% rejuvenator for 4 weeks 
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Figure D. 11. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 15% rejuvenator for 4 weeks 
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Figure D. 12. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 20% rejuvenator for 4 weeks 
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Figure D. 13. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 10% rejuvenator for 5 weeks 
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Figure D. 14. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 15% rejuvenator for 5 weeks 
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Figure D. 15. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 20% rejuvenator for 5 weeks 
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Figure D. 16. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 15% rejuvenator for 6 weeks 
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Figure D. 17. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 20% rejuvenator for 6 weeks 
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Figure D. 18. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 10% rejuvenator for 7 weeks 
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Figure D. 19. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 15% rejuvenator for 7 weeks 
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Figure D. 20. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 20% rejuvenator for 7 weeks 
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Figure D. 21.Acoustic Emission results displaying the energy of the emissions versus the temperature for the DC(T) 
halves soaked in 10% rejuvenator for 8 weeks 
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Figure D. 22. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 15% rejuvenator for 8 weeks 
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Figure D. 23. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves soaked in 20% rejuvenator for 8 weeks 
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Figure D. 24. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) halves of the virgin control specimen 
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Figure D. 25. Acoustic Emission results displaying the energy of the emissions versus the temperature for the 
DC(T) of the 36 hours aged specimen 
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APPENDIX E: DC(T) FRACTURE SURFACE CROSS SECTIONS 
 
 
 
Figure E. 1. Fracture surface of a DC(T) specimen left in 10% rejuvenator by weight of binder for 2 weeks 
 
 
Figure E. 2. Fracture surface of a DC(T) specimen left in 15% rejuvenator by weight of binder for 2 weeks 
 
 
Figure E. 3. Fracture surface of a DC(T) specimen left in 20% rejuvenator by weight of binder for 2 weeks 
 
 
113 
 
 
Figure E. 4. Fracture surface of a DC(T) specimen left in 10% rejuvenator by weight of binder for 3 weeks 
 
 
Figure E. 5. Fracture surface of a DC(T) specimen left in 15% rejuvenator by weight of binder for 3 weeks 
 
 
Figure E. 6. Fracture surface of a DC(T) specimen left in 20% rejuvenator by weight of binder for 3 weeks 
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Figure E. 7. Fracture surface of a DC(T) specimen left in 10% rejuvenator by weight of binder for 4 weeks 
 
 
 
Figure E. 8. Fracture surface of a DC(T) specimen left in 20% rejuvenator by weight of binder for 4 weeks 
 
 
Figure E. 9. Fracture surface of a DC(T) specimen left in 10% rejuvenator by weight of binder for 5 weeks 
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Figure E. 10. Fracture surface of a DC(T) specimen left in 15% rejuvenator by weight of binder for 5 weeks 
 
Figure E. 11. Fracture surface of a DC(T) specimen left in 20% rejuvenator by weight of binder for 5 weeks 
 
 
Figure E. 12. Fracture surface of a DC(T) specimen left in 10% rejuvenator by weight of binder for 6 weeks 
 
Figure E. 13. Fracture surface of a DC(T) specimen left in 15% rejuvenator by weight of binder for 6 weeks 
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Figure E. 14. Fracture surface of a DC(T) specimen left in 20% rejuvenator by weight of binder for 6 weeks 
 
Figure E. 15. Fracture surface of a DC(T) specimen left in 10% rejuvenator by weight of binder for 7 weeks 
 
Figure E. 16. Fracture surface of a DC(T) specimen left in 15% rejuvenator by weight of binder for 7 weeks 
 
Figure E. 17. Fracture surface of a DC(T) specimen left in 20% rejuvenator by weight of binder for 7 weeks 
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Figure E. 18. Fracture surface of a DC(T) specimen left in 10% rejuvenator by weight of binder for 8 weeks 
 
 
Figure E. 19. Fracture surface of a DC(T) specimen left in 15% rejuvenator by weight of binder for 8 weeks 
 
 
Figure E. 20. Fracture surface of a DC(T) specimen left in 20% rejuvenator by weight of binder for 8 weeks 
 
 
 
 
 
 
 
 
